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Biomass gasification is an effective thermochemical conversion process to produce 
syngas that can be further used to generate electricity or synthesise liquid fuels and 
chemicals. The gasification of the solid char with gasifying agents is the rate-limiting 
step of the overall gasification. The physico-chemical structure of char is an 
important factor that can directly determines the gasification reactivity. 
Understanding the effect of char structure on its gasification behaviour is 
significantly important for the development of gasification technology. 
 
The purpose of this study was to investigate the changes in char structure and its 
reactivity during the gasification of an Australia mallee wood in different gasifying 
atmospheres. The gasification experiments were carried out in a fluidised-bed quartz 
reactor. The thermogravimetric analyser, FT-IR/Raman and X-ray photoelectron 
spectroscopies were applied to characterise the gasification reactivity and the 
chemical structural feature of char. 
 
The results of this study showed that the second-order Raman spectroscopy can also 
be used to characterise the char structures during gasification. Intra-particle diffusion 
of the gasifying agent was not a rate-limited step and biomass particle size had 
minimal effect on char structures during the gasification in steam and CO2 
atmospheres under present experimental conditions. The amount of aromatic C-O 
structure left in char during the gasification under reducing atmosphere was lower 
than that under oxidising atmosphere, while the consumption of aromatic C=O 
structure was related to the progress of gasification regardless of the atmosphere. The 
additional formation of aromatic C-O structures was most likely to be responsible for 
enhancing the gasification rate of char in the oxidising atmospheres. The char 
prepared from 600 and 900 ˚C followed different reaction pathway during the low-
temperature gasification in air. The oxidation of char was much fierce at the initially 
stage of the low-temperature gasification in air, and different types of O-containing 
structures would form during char oxygenation according to their different behaviour 
in the total Raman and IR intensity.  
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1.1 Importance of bio-energy 
 
1.1.1 Biomass as an energy source  
 
The discovery and utilisation of fossil fuels such as crude oil and coal accelerated the 
industrialised process of the word as well as improved the quality of people’s life. 
However, in recent years, the depletion of fossil fuel resources and the rising 
environmental problems have made it imperative to seek a renewable resource to 
meet the world’s continuously growing energy demand [1]. On that basis, biomass is 
currently among the top choices, not only because it is the sustainable source of 
organic carbon, but also due to its abundance around the world [2-5]. Lots of 
inexpensive biomass can be chosen as the feedstock for producing bio-fuels, 
including energy crops, forest products, waste materials and even aquatic biomass 
[1,6-8]. In addition, the production process of bio-fuels can have significantly less 
environmental impact than the fossil fuels and can be near zero CO2 emission if 
advanced biomass processing technology is developed [1,9-12]. The International 
Energy Agency estimated that the worldwide raw biomass energy potential should be 
between 150 and 450 EJ/year in 2050 [13]. Therefore, biomass resource is poised to 
make great contribution to the world energy market. 
 
Edible biomass is not suggested to be the feedstock because it will directly lead to 
the rise of food price [6]. Therefore, more attention should be paid on the non-food 
biomass as the bio-energy feedstock. In Australia, mallee, as a non-food biomass, is 
the top choice as the renewable energy sources due to many reasons. Firstly, mallee 
can be planted in the dry land agriculture systems for various environmental benefits 
such as erosion control and salinity mitigation [14,15]. Secondly, mallee can be 
planted in form of long narrow belts, which means the planting of mallee does not 
need to occupy too much farmland. In addition, the effective use of the rainfalls and 
groundwater means no supplemental water supply is required for the growth of 
mallee [14,15]. Thirdly, mallee can be harvested on a very short cycle, usually 3 to 5 
years after the first harvest [15]. Fourthly, mallee production can achieve an energy 
ratio of 40 (unit of energy for every unit of energy input) and an energy productivity 
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, which are significantly higher than other annual energy 
crops [16]. 
 
1.1.2 Thermo-chemical conversion of biomass  
 
Gasification is an effective technology to convert biomass into product gas that 
mainly contains H2, CO, CH4 and CO2 in various proportions [1,17-20]. Such 
product gas is usually combusted to generate electricity or used to synthesise liquid 
fuels and chemicals [21-23], as is shown in Figure 1-1. 
 
Biomass gasification is a complex combination of reactions mainly involving two 
consecutive steps [21]. The first step is the thermal decomposition of biomass to 
produce volatiles and solid char, usually termed as pyrolysis or devolatilisation. The 
second step is the gasification of solid char and the reforming of volatiles by reacting 
with the gasifying agents. The first step occurs much more quickly than the second 
step [21]. The reaction temperature as well as heating rate will determine the relative 
yields of volatiles and char [24-26]. The volatiles and solid char produced from the 
first step will then react with the gasifying agents (e.g. steam) to produce H2, CO and 
CO2. The gasification of solid char is relatively slow and is the rate-limiting step for 
the overall gasification process [21]. Meanwhile, other two important reactions will 
also take place during gasification. One is the water-gas-shift reaction converting CO 
and H2O to CO2 and H2. The other is methanation converting H2 and CO to H2O and 
CH4 [1,21].  
 
The required heat to drive the endothermic reactions such as char-H2O, char-CO2, 
methanation and water-gas-shift reaction during gasification can be provided by two 
ways: heat is generated outside and then transferred into the gasifier, or heat is 
generated by partial combustion reactions inside the gasifier. Usually, for a practical 
gasifier, the required energy for the endothermic process is afforded by the energy 
produced from the combustion of char and/or volatiles without any external supply 
of thermal energy into the gasifier [27-29]. 
 





Figure 1-1. Gasification as the core of many versatile near-zero emission energy 
technologies. Reprinted from Ref. 21, Copyright (2013), with permission from 
Elsevier. 
 
Biomass is particularly suitable for gasification due to its high volatile yield and low 
content of aromatic moieties [21]. Biomass gasification can take place at lower 
temperature than coal gasification because of the relatively high reactivity of bio-
char compared with coal-char [21]. In addition, the volatiles produced from biomass 
gasification contain high concentrations of oxygen and aliphatic moieties, which 
indicate that these volatiles matters are very reactive and can be easily reformed by 
the gasifying agents [21]. 
 
1.2 Importance of char structure to its gasification reactivity 
 
The physico-chemical structure of char could directly determine the preferential sites 
for the gasification reaction to take place. Therefore, a lot of research has been aimed 
at the evolution of char structure and reactivity during gasification.  
 
1.2.1 Characterisation of char structure 
 
There are many analytical techniques that can be used to characterise the structure of 
carbonaceous materials. However, many of them are only suitable for the analysis of 
WGS: water-gas-shift reaction 
Gas turbine 
Coal and/or 
Biomass H2O & O2 
Raw syngas 









Cleaning Clean syngas 
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highly ordered carbon materials such as graphite and carbon nanotubes. Compared 
with the well-ordered carbon materials, char produced from the thermo-chemical 
conversion of biomass or coal is highly disordered. The characterisation method for 
such amorphous carbon material is very limited. For example, X-ray diffraction 
(XRD) that has been widely used in providing useful quantitative information for 
graphite and carbon nanotubes can not be successfully applied to char 
characterisation because no clear peak can be observed in the XRD spectrum [30]. 
The scanning electron microscopy (SEM) or transmission electron microscopy (TEM) 
can be applied to observe the surface profile of char and the carbon structure, while 
detailed quantitative information about char structure can not be easily provided [20].  
 
Raman spectroscopy is a powerful method to characterise various carbon-based 
materials because of its outstanding ability to detect the symmetric vibration of less 
or non-polar bonds [31-36]. Obviously, the Raman spectra of char differ significantly 
from those of well-ordered materials. A clear-resolved strong peak of G (1600 cm
-1
) 
and a peak of D (1300 cm
-1
) were shown in the spectra of graphite-liked carbon 
materials, while the spectra of char exhibit a broad band in the region of               
800-1800 cm
-1
. Therefore, quantitative information about char structures needs to be 
obtained through spectral deconvolution. Based on our previous study [37], the first-
order Raman spectra in the range of 800-1800 cm
-1
 were curve-fitted with 10 
Gaussian bands. In addition, considering the significant structural difference between 
char and graphite-liked materials, a simple adoption of the band assignment for well-
ordered materials would be very inapplicable for the analysis of char structure.  The 
positions and assignments of these 10 bands are summarised in Table 1-1. Briefly, 
the D band here mainly represents aromatics with not less than 6 fused benzene rings 
rather than ‘‘defects’’, and the GR (1540 cm
-1
), VL (1465 cm
-1
) and VR (1380 cm
-1
) 
bands located at the overlap region between G and D bands mainly represent 
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Table 1-1. Summary of peak/band assignment. Reprinted from Ref. 37, Copyright 
(2006), with permission from Elsevier. 
Band name  Position, cm
-1
 Description  Bond type 
GL 1700 Carbonyl group C=O sp
2
 
G 1590 Graphite 𝐸2𝑔
2 ; aromatic ring quadrant 









VL 1465 Methylene or methyl; semi-circle 
breathing of aromatic rings; 






VR 1380 Methyl group; semi-circle breathing of 







D 1300 D band on highly ordered 
carbonaceous materials; C-C between 
aromatic rings and aromatics with not 









S 1185 Caromatic-Calkyl; aromatic (aliphatic) 
ethers; C-C on hydroaromatic rings; 
hexagonal diamond carbon sp
3
; C-H 











R 960-800 C-C on alkanes and cyclic alkanes; C-
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1.2.2 Evolution of char structure during gasification  
 
Gasification temperature would have a great influence on the evolution of char 
structures. The previous studies [38-40] have demonstrated that, based on the        
FT-Raman spectroscopy, the ID/IGr+Vl+Vr ratio of char increased very significantly 
with increasing gasification temperature. When the temperature was lower than 800 
˚C where the pyrolysis was the dominant reaction, this increase was mainly because 
of the enhanced thermal cracking reactions, converting some small aromatic rings 
into large ones with increasing temperature. When the temperature was higher than      
800 ˚C where the gasification reaction became much fierce, the thermal cracking 
reactions combined with the selective consumption of small aromatic ring systems by 
the gasifying agents were mainly responsible for the increase of that ratio with 
increasing temperature. 
 
Gasifying agent is another important factor that can affect the evolution of char 
structure during gasification. Based on previous studies [37], the total Raman 
intensity of char can be used to indicate the presence of oxygen species which have a 
resonance effect with the aromatic ring it is connected to. Tay and co-workers [41] 
reported that the total Raman intensity of char decreased with the progress of 
gasification in the reducing atmosphere, indicating the loss of such kinks of oxygen 
species during gasification. On the other hand, the observed Raman intensity tended 
to increase during the gasification in oxidising atmosphere [42-45]. In addition, Li 
and co-workers [45] reported that the content of oxygen species connected with the 
aromatic ring systems during the gasification in steam was higher than that during 
the gasification in CO2. The previous studies [41,45] also indicated that the presence 
of H radicals in the H2O or H2 atmosphere could induce the ring condensation 
reactions, resulting in a higher ID/IGr+Vl+Vr ratio of char compared with that in other 
gasification atmospheres at the same char conversion levels. 
 
The volatile-char interactions could also have an effect on the evolution of char 
structure during gasification [21,46-51]. Volatiles released from biomass thermal 
cracking would inevitably contact and interact with the nascent char during 
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gasification. Zhang and co-workers [52] reported that the volatile-char interactions 
could inhibit char conversion during gasification, which is mainly because the 
additional radicals, especially H radicals, released from biomass thermal cracking are 
able to penetrate deep into the char matrix and intensify or initiate ring condensation 
reactions to convert small aromatic ring systems into large ones.   
 
1.3 Purpose of this study 
 
It is clear that investigating the evolution of char structure and reactivity during 
gasification are quite essential for a better understanding of the gasification 
mechanisms. Therefore, a suitable and powerful characterisation method is 
imperative. Raman spectroscopy has been extensively used in characterising the char 
structure. However, lots of efforts were paid on the study of the first-order Raman 
spectra to obtain the structural information of char through deconvolution and 
analysis of various bands in the first-order region, the second-order Raman spectra 
has not been further investigated. Detailed information about the char structure can 
also be provided through the investigation of the second-order Raman spectra if a 
proper deconvolution method has been established. Therefore, establishing a new 
spectral deconvolution method for the second-order Raman spectra of chars from the 
gasification of low rank fuels is one aim of this study. 
 
The size range of the feedstock is one of the practical problems that biomass 
gasification must overcome before its commercial implementation. It is impractical 
to use fine biomass particle as the feedstock for a commercial gasifier because the 
size reduction will be very labour-intensive and time-consuming, making it 
commercially unattractive. Therefore, the feedstock for a commercial gasifier 
necessarily consists of particles with a wide range of sizes. However, gasification 
rate is a main consideration in the design and operation of a commercial gasifier 
because it would determine the overall efficiency of the gasifer, and biomass particle 
size would play an important role in the ultimate char yield during gasification. 
Therefore, understanding the gasification behaviour of different biomass particle size 
is one objective of this study.  
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The O-containing functional groups of char will also determine the gasification 
behaviour to some extent, especially for the low temperature gasification of the   
low-rank fuels. Although the total Raman intensity can be used as an indirect 
indication of the relative amounts of the O-containing functional groups in char, it is 
only limited to the oxygen species that have a resonance effect with the aromatic ring 
structures they are connected to. Obviously, not all oxygen species in char could 
have the resonance effect with the aromatic ring. X-ray photoelectron spectroscopy 
can be applied to characterise carbon and oxygen species of chars produced from 
gasification. Therefore, investigating the evolution of O-containing structures of char 
during gasification by XPS spectroscopy is also one aim of this study.  
 
Char-O2 reaction is also a very important gasification reaction. For a practical 
gasifier, the required energy for the endothermic process is afforded by the energy 
produced from the combustion of bio-char itself without any external supply of 
thermal energy into the gasifier. It is well known that gasifying agents such as CO2, 
H2O and H2 will be continuously released in a practical gasifier, and the devolatilised 
chars could have the chance to be partially gasified by such agents before it reacts 
with O2. Therefore, one purpose of this study is to understand the structural changes 
in the partially gasified char during low-temperature gasification in air.  
 
Biomass is rich in oxygen and various O-containing structures were left in char after 
devolatilisation. The evolution of O-containing structures is also an important factor 
that can influence the char gasification behaviour. Gasification temperature would 
have a great influence on the evolution of the O-containing structures of char because 
the thermal cracking would tend to reduce the oxygen content of char. In addition, 
different kinds of O-containing functional groups would form in char with the 
progress of gasification in oxidising atmosphere. Therefore, investigation on the 
changes in the O-containing structures of char during gasification as revealed with 
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1.4 Scope of thesis 
 
Chapter 2 describes the establishment of a new spectral deconvolution method for 
the second-order Raman spectra. The information about char structure from the 
second-order region was compared with that from the first-order region and 
complementary or additional information about the structural features of char was 
found through that analysis of the second-order Raman spectra. 
 
Chapter 3 presents the evolution of char structure during the gasification of mallee 
biomass with different particle size ranges in two atmospheres (15% H2O-Ar, pure 
CO2) in a fluidised-bed reactor. The mass transfer resistance, intra-particle gas 
diffusion and char structure during gasification are discussed. 
 
Chapter 4 presents the evolution of O-containing structures of char during 
gasification of mallee wood in a fluidised-bed reactor at 600-900 ˚C in oxidising 
(pure CO2, 15% H2O-Ar) and reducing atmosphere (15% H2-Ar) respectively. The 
XPS analysis results of char are discussed. 
 
Chapter 5 presents the structural changes in bio-char produced under different 
gasification conditions (gasification in 15% H2O-Ar at 600 ˚C, gasification in pure 
CO2 at 900 ˚C, gasification in 15% H2O-Ar at 900 ˚C and gasification in 15% H2-Ar 
at 900 ˚C) during gasification in air in TGA at 375 ˚C. FT-IR/Raman spectroscopy 
was applied to characterise the structural features of char. 
 
Chapter 6 presents the changes in O-containing structures during biomass 
gasification in steam at different temperatures ranging from 600 to 900 ˚C, and bio-
chars (produced from gasification in steam at 600 and 900 ˚C) gasification in air in 
TGA at 375 ˚C. The XPS, Raman and IR results of char during gasification are 
discussed. 
 
Chapter 7 summarises all the conclusions of this study and make recommendations 
for future work. 
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Gasification is an effective method to convert a solid fuel into a high value gaseous 
fuel [1]. An important aspect of gasification is the reaction between char and 
gasifying agents to produce syngas [2]. This is a heterogeneous gas-solid reaction 
and is very complicated as a result of changes in the char structure during 
gasification [2,3]. Therefore, understanding the transformation of structural feature 
of char during gasification and the effects of char structure on its gasification 
reactivity is critically important for a better understanding of the gasification 
mechanisms [4-7]. 
 
Raman spectroscopy has been widely used as a powerful tool to characterise various 
carbonaceous materials due to its ability to response to symmetric vibration of less or 
non-polar bonds [8,9]. A Raman spectrum represents the scattering due to many 
types of distinctly different bonds in the char. There are two Raman spectral regions, 
in the ranges of ~ 800 to 1800 cm
-1
 (first order) and ~ 2000 to 3300 cm
-1
 (second 
order), that are of interests in understanding the structural features of a carbonaceous 
material. Much has been done to investigate the char structure through deconvolution 
and analysis of various bands in the first-order Raman spectra [10-15]. Like a first-
order Raman spectrum, a second-order Raman spectrum is also the summation of 
scattering from many bonds. If deconvoluted properly, a second-order spectrum can 
also provide additional detailed information about the skeletal structure of a carbon-
based material. However, second-order Raman spectroscopy has been mainly used 
for the characterisation of highly ordered carbon materials such as graphite [9,16,17]. 
Little study has been carried out on the highly disordered carbon materials such as 
chars from the pyrolysis and gasification of coal and biomass. Even for some 
research that analysed the second-order Raman spectrum of some highly disordered 
carbon materials [18-25], most samples have undergone a high temperature treatment 
(higher than 1000 ˚C) [18,19,24,25], resulting in the samples have become 
crystallisation and graphitization. Therefore, the second-order Raman spectra of such 
samples were simply deconvoluted into three or four bands and the interpretation of 
these bands follow the bands assignment of highly ordered carbon materials [19-25]. 
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Obviously, the second-order spectra of chars from the pyrolysis and gasification 
process (<1000 ˚C) differ considerably from that of highly ordered materials or 
highly graphitized materials. A simple adoption of the concept of bands in the 
second-order spectra for highly ordered carbon materials would be very 
inappropriate for the analysis of char structure. Unlike the second-order spectra of 
graphite-like materials that exhibit a clearly-resolved strong peak of 2D (overtone of 
D band) and a peak of D+G (combination of D band and G band) [9,16,17], the 
second-order spectrum of a char could show a very broad band. The overlaps 
between the 2D and D+G bands as well as the shoulders at the two sides of the 2D 
and D+G broad bands in the second-order Raman spectrum of a char could contain 
much information about the structural feature of the char. Therefore, instead of just 
considering the 2D and G+D bands, the second-order Raman spectrum could be 
deconvoluted into more bands in order to acquire detailed information about the 
chemical structure of the char. In addition, because of the differences in crystal 
structure between graphite and amorphous carbon, simple applications of the 
interpretation of the second-order Raman spectra of highly ordered materials to chars 
would result in some misleading information and miss some important information 
about the skeletal carbon structures.  
 
In our previous study [26], a WA Collie sub-bituminous coal was gasified at 
different temperatures (800, 850 and 900 ˚C) in atmospheres containing steam and 
CO2. The Raman spectra of char samples collected after varying extents of 
gasification were acquired by using a laser with a wavelength of 1,064 nm [11,26]. In 
this study, the same spectra in the second-order region have been analysed. 
Compared with our previous work [4,6,7,11-15,26] which mainly focused on the 
analysis of the first-order Raman spectra, a new spectral deconvolution method for 
the Raman spectra in the second-order region was established in order to acquire 
detailed information about the changes in char structure during gasification. The 
information about char structure from the second-order region is compared with that 
of the first-order region and complementary or additional information was found 
through analysis of the second-order Raman spectra. 
 





2.2.1 Gasification of coal  
 
The details of the gasification experiments have been presented previously [26]. 
Briefly, Collie sub-bituminous coal, supplied by the Muja Power Station in Western 
Australia, was used. It has an ultimate composition of 75.7% C, 4.5% H, 1.4% N,    
0.5% S and 17.9% O [26]. The gasification experiments were carried out in a 
fluidised-bed/fixed-bed reactor [26,27] with coal particles being heated up rapidly. 
 
2.2.2 Char characterisation   
 
The acquisition of Raman spectra of chars were detailed before [26]. The same 
spectra were used in this study. Briefly, a Perkin-Elmer Spectrum GX FT-IR/Raman 
spectrometer with an excitation laser of 1064 nm was used to acquire the Raman 
spectra of chars [11,26]. A char sample was firstly ground into powder and then 
diluted and ground with spectroscopic grade KBr [11,26]. The char concentration of 
0.25 wt% in KBr-char mixture exhibited the plateau total Raman intensity in the 
first-order Raman region [26]. The total Raman peak area in the second-order Raman 
region had also reached the plateau with this char concentration as shown in     
Figure 2-1. An InGaAs detector was used to collect Raman scattering using a back 
scattering configuration [11,26]. Each spectrum represents the average of 200 scans 
and the spectral resolution was 4 cm
-1
 [11,26]. Baseline correction was carried out on 
each spectrum using the software provided by Perkin-Elmer with the spectrometer 
[11,26]. The first-order and second-order regions had different baselines.  
 




Figure 2-1. Effects of char concentration in char-KBr mixture on the total second-
order Raman area (2000-3300 cm
-1
). Char was prepared from the gasification of the 
Collie sub-bituminous coal in 15% H2O balanced with Ar at 900 ˚C. 
 
2.3 Deconvolution and band assignment of the second-order Raman spectra 
 
The second-order Raman spectra of chars in the range between 2000 and 3300 cm
-1
 
were curve-fitted with 7 mixed Gaussian and Lorentz bands using the GRAM/32 
software. The position and assignment of these 7 bands are briefly summarized in 
Table 2-1, which we believe represent the typical structural features of chars from 
the pyrolysis and gasification of coal and biomass.  
 
In the second-order spectra of sp
2
 carbon materials, there is a strong Raman feature 
appearing in the range of 2500-2700 cm
-1
, and it is called the 2D band to mean that it 
is the overtone of D band in the first-order region [9,16,17]. In the study of the 
second-order Raman spectra of highly ordered carbonaceous materials, the 2D band 
was considered to originate from a double resonance, involving two iTO phonons 
near the K point of the unit cell [9]. The intensity of the 2D band was believed to be 
related to the number of grapheme layers and the stacking order [9,16,17]. Unlike the 
defect-induced D band in the first-order region, the 2D band does not indicate any 
kinds of disorder or defect for the graphite-like material [9,16,17,28,29]. However, 
the “crystal” structure of char is quite different from the graphite-like carbon 
materials. Chars from the pyrolysis and gasification of coal and biomass are highly 
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 cross-linking structures [11]. According to the bands assignment 
for the highly dis-ordered materials [11], the D band mainly represents aromatics 
with not less than 6 rings. For graphitic materials, the D band and 2D band come 
from two different physical scattering processes so there is no direct relationship in 
band intensity between these two bands [9,16,17,28,29]. However, a char from the 
gasification of coal or biomass does not have similar lattice structure and therefore its 
D and 2D bands do not necessarily originate from two scattering processes. Based on 
the vibrational theory of the overtone process for chemical structures [8,30], it is 
believed that the D band and the 2D band come from the same vibration mode for the 
amorphous carbon materials. Therefore, the interpretation of the 2D band in the 
second-order spectra of char should be the same as the D band in the first-order [11], 
i.e. representing the large aromatic ring systems (no less than 6 fused rings). It is also 
expected to have close relationship with the D band in term of the band intensity in 
the second-order Raman spectra. 
 
Another main band in the second-order spectra of carbonaceous materials is the D+G 
band located in the range of 2800-2950 cm
-1
 with an exciting laser in the visible 
range [16,17,24,25]. In the study of the highly ordered carbon materials, this band is 
considered as a disorder-induced band and would disappear with increasing 
crystallinity [16,24]. Amorphous carbon materials such as char from gasification 
would not have a band of the same nature in their second-order spectra. Instead, in 
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Different from the graphite-like materials, vast amounts of spectral residue would be 
left if only 2D and D+G bands were considered to deconvolute the second-order 
Raman spectra of chars. Based on the spectra of some model aromatic compounds 
[30] and considering the structure of char from coal/biomass gasification process 
[11-15], two bands have been assigned in the region between the 2D band and D+G 
band. One is the overtone of the fundamental vibrations of aryl methyl functional 
groups at around 2750 cm
-1
 [30] and named as 2VR (in order to correspond with the 
band name VR in the first-order [11]). The other is the (2D)L band (standing for 2D 
left) at around 2650 cm
-1
. These two bands are mainly found in amorphous carbon 
materials [24,25,30]. In this case, 2VR+(2D)L can represent the small aromatic ring 
systems, and it is believed to decrease with the condensation of aromatic ring 
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systems according to some Raman spectra of amorphous carbon materials that have 
been heat-treated at high temperature [24,25]. 
 
In addition, there is a weak peak [16,25,31,32] in the range of 2350-2500 cm
-1
 that 
can be found in the second-order Raman spectra of some highly ordered carbon 
materials by an exciting laser in the visible range, showing no dispersive behaviour 
with different laser excitation energy [31,32]. Some believe that this band is related 
to 2LO phonons second-order scattering [31], while others explain that this band 
originates from the combination of the D band and the modulation around 1100 cm
-1
 
[32]. Based on the band assignment in the first-order Raman spectra [11], in the 
second-order Raman spectra of chars by an exciting laser at 1064 nm, the frequency 
of this band is almost twice of that of the S band. Therefore, in this study, this band is 







 carbonaceous structures and other cross-linking structures in char.  
 
 
Figure 2-2. Spectral deconvolution of a Raman spectrum (second-order region) of 
the char from the gasification of the Collie sub-bituminous coal in 15% H2O 
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In addition to the five bands assigned above, other two bands, a (D+G)L band 
(standing for D+G band left) at 3060 cm
-1
 [28] and a 2G band (overtone of G band) 
at 3180 cm
-1
 [16,25], were assigned to the aryl CH vibration and aromatic ring 
structures respectively.  
 
During spectral deconvolution, band positions were fixed whilst different maximum 
limits were applied to restrain the bandwidths. A typical example of the spectral 
deconvolution/curve-fitting of a second-order Raman spectrum of char using the 7 
bands is shown in Figure 2-2. Similar degrees of successful curve-fitting can be 
found for all other char samples investigated in this study.  
 
Although the second-order Raman spectra of chars were curve-fitted with 7 bands, 
the discussion of Raman spectroscopic data will be mainly focused on three bands, 
2D, 2VR+(2D)L and 2S, which represent the main chemical structure in char and are 
much sensitive to the structural changes. D+G band and two other minor bands, 2G 
and (D+G)L, actually represent the typical aromatic structures in carbon-based 
materials and are less sensitive to the structural changes. Thus, they will not be 
discussed further here.  
 
2.4 Results and discussion 
 
2.4.1 Total peak areas of the second-order Raman spectra of chars from the 
gasification of WA Collie sub-bituminous coal 
 
The observed Raman intensity would be affected by both Raman light scattering 
ability and the light absorption ability of char. In the first-order region, the electron-
rich structures such as the O-containing groups in char tend to have high Raman 
scattering ability mainly due to the resonance effect between O and O-connected 
aromatic ring [11]. Therefore, their presence tends to increase the total first-order 
Raman intensity [11]. On the other hand, the increasing condensation of the aromatic 
ring systems in char would increase the light absorptivity and thus tends to decrease 
the observed Raman intensity [11].  




Figure 2-3. Total second-order Raman area as a function of holding time for the 
chars from the gasification of Collie sub-bituminous coal at 800, 850 and 900 ˚C in 
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The presence of O-containing structures and the condensation of aromatic ring 
systems are expected to have effects on the observed second-order Raman intensity 
similar to those in the first order region. Figure 2-3 exhibits the total peak areas of 
the second-order Raman spectra in the region of 2000-3300 cm
-1
, considered as the 
total second-order Raman intensity, of chars as a function of the gasification holding 
time. For the chars produced from the gasification in steam-containing atmospheres 
(15% H2O-Ar and 15% H2O-CO2), the total second-order Raman intensity increased 
with increasing gasification temperature and holding time. However, the second-
order total Raman intensity is almost constant (with large scatters) for the chars 
produced from the gasification in pure CO2. These results are consistent with the 
first-order Raman data [26]. These two different behaviours in terms of the total 
Raman intensity indicate that the gasification reaction mechanisms of char in H2O 
and CO2 atmospheres are different [26]. The results suggest that the oxygen-
containing species derived from steam increased the O-containing groups in char 
[26]. With increasing holding time and gasification temperature, more and more     
O-containing groups have formed, hence increasing the total Raman peak areas of 
chars obtained from the gasification in steam-containing atmospheres. While for CO2 
gasification, the concentration of such structure is almost constant (with large 
scatters). In addition, the generally lower total Raman peak areas of chars from 
gasification in CO2 indicate that the concentration of O-containing groups in char 
must be lower for gasification in CO2 than that in steam.   
 
2.4.2 Ratios of some major bands to the total Raman intensity in the second-order 
spectra  
 
2.4.2.1 The ratio of the 2D band to the total second-order Raman peak area  
 
As are exhibited in Figure 2-4, for the chars produced from the gasification in steam-
containing atmospheres, a higher temperature resulted in a higher I2D/ITotal ratio, 
indicating the growth in the relative concentrations of large aromatic ring systems in 
char. In addition, with increasing gasification holding time, the I2D/ITotal ratio 
increased initially before it reached a plateau. The same results can also be found in 
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the first-order Raman in term of the ID/ITotal ratio [26]. However, the change of such     
intensity ratio is not obvious for the chars from CO2 gasification in the second-order 
 
 
Figure 2-4. Raman band area ratios 2D/Total as a function of holding time for the 
chars from the gasification of Collie sub-bituminous coal at 800, 850 and 900 ˚C in 
(a) 15% H2O balanced with Ar; (b) pure CO2; (c) 15% H2O balanced with CO2. 
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Raman, possibly because of the low total Raman intensity, and thus the low signal-
to-noise ratios for the chars from the gasification in CO2. Actually, in the first-order 
Raman, the ID/ITotal ratio increased with increasing gasification temperature and 
holding time for the chars from CO2 gasification [26].  
 
2.4.2.2 The ratio of the 2VR+(2D)L band to the total Raman intensity  
 
The overlap between the 2D band and the D+G band has been deconvoluted into 2VR 
band and (2D)L band, the intensity of these two bands can be taken as a brief 
reflection of the concentrations of smaller aromatic ring systems in char. 
 
As is shown in Figure 2-5, the decreases in the band ratio I2VR+(2D)L/ITotal for chars 
from the gasification in steam-containing atmospheres indicate that the relative 
concentrations of small aromatic ring systems decreased with increasing gasification 
temperature and holding time. These results are consistent with the first-order Raman 
data [26] and suggest that the smaller aromatic ring systems were either 
preferentially consumed by gasification or converted into large ones during 
gasification [13-15,26]. On the other hand, for the chars from CO2 gasification, there 
is no obvious trend except a possible decrease in the band ratio I2VR+(2D)L/ITotal with 
increasing gasification temperature from 800 to 900 ˚C. However, the relative band 
ratio I(Gr+Vl+Vr)/ITotal in the first-order Raman decreased with increasing gasification 
temperature and holding time [26]. This difference is also possibly because of the 
low signal-to-noise ratios in the second-order Raman for the chars from the 
gasification in CO2, which made it difficult to resolve weak trends in band area ratios. 
In addition, the relative concentrations of small aromatic rings in the chars from 
gasification in CO2 were higher than those in the chars from gasification in steam-
containing atmospheres, also demonstrating that the presence of H radicals from H2O 
dissociation can enhance the transition from the relatively small to large aromatic 
ring systems in char as we revealed in the previous studies [14,15,26].     
 




Figure 2-5. Raman band area ratios 2VR+(2D)L/Total as a function of holding time 
for the chars from the gasification of Collie sub-bituminous coal at 800, 850 and   
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2.4.2.3 The ratio of the 2D band to the 2VR+(2D)L band  
 
The Raman band area ratio I2D/I2VR+(2D)L can be used as a more direct indication of 
the transition of small to large aromatic ring systems in char samples. As shown in 
Figure 2-6, for the chars produced from the gasification in steam-containing 
atmospheres, this band area ratio increased with increasing gasification temperature 
and holding time, which indicate that small aromatics are gradually consumed and/or 
converted into large ones in char structure. The same trends can also be found in the 
related ratio ID/I(Gr+Vl+Vr) in the first-order Raman spectral data [26]. Moreover, the 
intensity ratio I2D/I2VR+(2D)L of the char from the gasification in pure CO2 was lower 
than the char from the gasification in the steam-containing atmospheres. This can 
also be explained by considering that the H radicals generated by H2O could 
penetrate into char matrix and induce the condensation of the aromatic rings 
[14,15,26], thereby increasing the relative concentrations of large aromatic ring 
systems in char structure. 
 
 




Figure 2-6. Raman band area ratios 2D/2VR+(2D)L as a function of holding time for 
the chars from the gasification of Collie sub-bituminous coal at 800, 850 and 900 ˚C 
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2.4.2.4 The ratio of the 2S band to the total Raman intensity  
 
The intensity of 2S band can be used as indication of the sp
3
-rich structures such as 
alkyl-aryl C-C structures, the crossing-linking density as well as the substitutional 
groups (other than O-containing ones) in char. However, unlike the S band that 
increased with the increasing crossing-linking density of char, lots of studies indicate 
that the bandwidth as well as the intensity of 2S band decreased with the increasing 
crystallinity of the carbon-based materials [19,22,31]. 
 
From Figure 2-7, it can be seen that, for the gasification in steam-containing 
atmosphere, the intensity ratio I2S/ITotal decreased from 800 to 900 ˚C, and also 
showed a decrease with increasing holding time and then achieved a plateau value. 
These results suggested that high temperature and long reaction time tend to enhance 
the structural compactness of char. There were much less changes in the intensity 
ratio I2S/ITotal if the holding time is long enough, indicating that the amount of such 
crossing-linking structure in char reached a dynamic balance between their 
generation and consumption. For the chars from CO2 gasification, there is no clear 
trend for the ratio I2S/ITotal, and the data show obvious fluctuations. This is also 
because that the total Raman intensity of the second-order as well as the 2S band is 
very weak for the chars from CO2 gasification, giving rise to high noise-to-signal 
ratios and causing some inaccuracy during curve-fitting.   
 
An important difference between the first-order and second-order Raman spectra of 
chars from gasification in steam-containing atmospheres is that the ratio IS/ITotal in 
the first-order Raman did not change clearly with gasification temperature and 
holdings time while the ratio I2S/ITotal in the second-order Raman showed a decrease 
with increasing gasification temperature and holding time. It should be noted that 
there is less interference from the neighbouring bands in the analysis of the intensity 
of 2S band than that with the S band. Not all peaks in the region of the first-order 
region have their corresponding peaks in the second-order region, which has 
facilitated the spectral deconvolution of some bands such as 2S band. Therefore, the 
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Figure 2-7. Raman band area ratios 2S/Total as a function of holding time for the 
chars from the gasification of Collie sub-bituminous coal at 800, 850 and 900 ˚C in 
(a) 15% H2O balanced with Ar; (b) pure CO2; (c) 15% H2O balanced with CO2. 
 





























































































This study has demonstrated that the second-order Raman spectroscopy can be used 
as a powerful technique to analyse the skeletal structure of highly disorder carbon-
based materials such as the chars from the gasification of Collie sub-bituminous coal. 
A novel deconvolution method has been established and the second-order Raman 
spectra of chars were curved-fitted with 7 bands representing the typical chemical 
structures in the char. 
 
During the gasification in steam-containing atmospheres, the relative contents of    
O-containing groups and large aromatic ring systems in char increased, while the 
relative contents of small aromatic ring systems decreased as gasification proceeded. 
These results are consistent with the findings in the first-order Raman analysis. 
However, the second-order spectra of chars from gasification in CO2 showed high 
noise-to-signal ratio than the first-order Raman spectra, making the spectral 
deconvolution of the second-order spectra less reliable than that of the first-order 
spectra. 
 
Compared with the first-order Raman results, additional information is found in the 
second-order Raman spectra of chars from the gasification in steam-containing 
atmospheres. The area ratio IS/ITotal of char did not change clearly with gasification 
temperature in the first-order Raman spectroscopy. However, there is a significant 
change with gasification temperature and holding time in the ratio of the overtone of 
S band (I2S) in the second-order Raman spectroscopy, indicating that the structural 
compactness of char increased as gasification proceeded. 
 
The second-order Raman spectroscopy of chars from the gasification in CO2 and 
H2O atmospheres indicates that the gasification mechanisms of char in these two 
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With the depletion of fossil fuel resources and the rising concerns about global 
warming, biomass as a renewable energy source has received a great deal of interests 
in recent years due to its abundance and low environmental impacts [1-2]. Biomass 
gasification is an effective technology to convert solid biomass into a gaseous fuel 
for further use [3-6]. However, biomass gasification must overcome some practical 
problems before its widespread commercial implementation. One of the problems is 
the size range of the feedstock [7-11]. It is impossible to obtain a specified narrow 
biomass particle size range as the feedstock for a practical gasifier/pyroliser because 
the size reduction of biomass will be very labour-intensive and time-consuming, 
making it commercially unattractive [12]. Therefore, the feedstock for a commercial 
gasifier necessarily consists of particles with a wide range of sizes [12].  
 
Gasification rate is a major consideration in the design and operation of a practical 
gasifier because it would determine the overall efficiency and economic feasibility of 
the gasifer [12-17]. The evolution of char structure is an important factor that can 
influence the gasification behaviour [1,2]. Therefore, understanding the influence of 
biomass particle size on the ultimate char yield and the structural feature of char 
during gasification is significantly important for the development of gasification 
technologies. 
 
Conceptually, the gasification process consists of two consecutive steps [2]. The first 
step is the biomass devolatilisation, leaving behind a carbon-enriched solid char. 
Because of the high contents of oxygen and aliphatic moieties of biomass, large 
amounts of volatile precursors would be formed in this step [2,18,19]. This new 
formed volatile precursors could lead to the deposition reaction in char matrix      
[20-23]. Because there are differences in the heating transfer resistance as well as the    
intra-particle mass transfer resistance between small and large particles, the 
deposition reaction would be more severe for large particles [21-26]. The second step 
is the bio-char gasification and volatiles reforming through their reactions with 
gasifying agents. The difference in the intra-particle diffusion of the gasifying agent 
Curtin University of Technology Page 44 
 
  
between small and large particles might also have an effect on the gasification rate 
and the overall char structure.  
 
Some studies have been carried out to investigate the effect of biomass particle sizes 
on the evolution of char structure as revealed by the Raman spectroscopy [20-23]. 
Mohammad and co-workers reported that biomass particle size would greatly 
influence the char yield during pyrolysis [20,21], and this could be mainly 
responsible for the different char yield during gasification of biomass with different 
particle sizes in steam atmosphere [22]. Shu and co-workers [23] reported that, based 
on the negligibly small influence of the biomass particle size on the change in char 
structure during gasification in steam atmosphere, the gasification might take place 
uniformly throughout the whole particles. However, these researches did not provide 
the direct evidence that whether the size of bio-char produced from the biomass 
devolatilisation would affect the ultimate char yield and char structures during the 
subsequent gasification. In other words, the effect of intra-particle diffusion of the 
gasifying agent between small and large particles during gasification has not been 
directly investigated. Char-H2O gasification and char-CO2 gasification are both 
fundamentally important reactions. A better understanding the mechanisms of the 
char-H2O reaction and char-CO2 reaction is necessary for the development of 
gasification technologies [27]. One question raised is: does biomass particle size 
affect the evolution of char structure during the gasification in steam atmosphere and 
CO2 atmosphere. Therefore, investigation on the gasification behaviour of different 
biomass particle sizes in steam atmosphere and CO2 atmosphere can provide another 
aspect to understand the char-H2O and char-CO2 reaction mechanism. In addition, 
second-order Raman spectroscopy can also be used to characterise the char structure 
[28]. Complementary or additional information about the structural feature of char 
can be found through that analysis of the second-order Raman spectra. 
 
The objective of this research is to comprehensively investigate the influence of 
biomass particle size and gasification atmosphere on the ultimate char yield as well 
as the evolution of char structure, especially in the aspect of the intra-particle 
diffusion of the gasifying agent during gasification of bio-char with different particle 
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sizes. As discussed above, the devolatilisation and the gasification might be both 
influenced by the biomass particle size. In order to clarify these two possibilities, two 
series of experiments were carried out in this study. The first series was the 
gasification of biomass with different particle sizes at the temperatures from 700 to 
900 ˚C in two atmospheres: 15 % H2O balance with Ar and pure CO2.  The other 
series was the bio-char gasification experiments, which would separate the biomass 
devolatilisation step and bio-char gasification step during gasification. The collected 
char samples were analysed with a FT-Raman spectrometer both in the first-order 
Raman spectra and second-order Raman spectra to obtain information about the 
chemical structure features of the chars. 
 
3.2 Experimental  
 
3.2.1 Sample preparation  
 
Australia mallee wood was used as the feedstock in this research. It has a proximate 
analysis of 0.9 wt% ash yield and 81.6 wt% volatiles yield together with an ultimate 
composition of 48.2 wt% C, 6.1 wt% H, 0.2 wt% N and 45.5 wt% O (dry and ash-
free basis) [20-23]. The preparation of the wood sample can be found elsewhere   
[20-23]. Briefly, the mallee wood was firstly debarked and crushed into chips using a 
cutting mill and then eight wood samples with different particle sizes were obtained 
by sieving. The particle sizes of the eight wood samples are as follow: 0.18-0.40, 
0.40-0.80, 0.80-1.00, 1.00-2.00, 2.00-3.35, 3.35-4.00, 4.00-4.75, 4.75-5.60 mm. All 
biomass samples were stored in a freezer to avoid any biological degradation and the 




Biomass gasification experiments were carried out in a modified fluidised-bed quartz 
reactor [20]. The schematic diagram of the modified fluidized-bed reactor is shown 
in Figure 3-1 and the description of the reactor can be found elsewhere [20]. Briefly, 
the reactor was heated up to the target temperature (700, 800 or 900 ˚C) with an 
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external furnace together with the introduction of the gasifying agent (15 % H2O 
balance with Ar or pure CO2) into the reactor. When all the parameters were 
stabilised, about 2 g biomass (weighed accurately) was fed into the reactor within 4 
minutes. The reactor was lifted out of the furnace immediately when the feeding was 
completed and was cooled down naturally with argon flowing inside the reactor 







Gas and tar outlet







Figure 3-1. A schematic diagram of the fluidized-bed reactor for the gasification of 
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Bio-char gasification experiments were carried out in the same reactor, which would 
separate the pyrolysis process and gasification process during the biomass 
gasification. The first step was the bio-char preparation. Mallee wood with the 
particle size between 4.75-5.60 mm was pyrolysed at 900 ˚C under fast heating rates 
by feeding the biomass into the pre-heated reactor continuously. When the feeding 
was completed, the reactor was held for 30 minutes at 900 ˚C. The collected bio-char 
sample was grounded and sieved to the following five particle sizes: 0.18-0.50, 0.50-
1.00, 1.00-2.00, 2.00-3.35, 3.35-4.75 mm. The next step was to use these char 
samples as the feedstock to do the bio-char gasification experiments. About 0.2 g 
bio-char (weighed accurately) was pre-loaded into the fluidised-bed reactor and the 
reactor was heated up to 900 ˚C in argon atmosphere. When the desired temperature 
was reached, the gasifying agent was introduced into the reactor for 10 minutes. The 
experiment was also terminated by lifting the reactor out of the furnace.                    
 
3.2.3 Char characterisation   
 
A Perkin-Elmer GX FT-IR/Raman spectrometer with an excitation laser of 1064 nm 
was used for the characterisation of char structure. A procedure has been established 
in our group [29]. Briefly, the char sample was mixed and ground with spectroscopic 
grade KBr which acted as a heat-dissipating medium to prevent char sample from 
being heated up by the laser. A concentration of 0.5 wt% char in the char-KBr 
mixture was selected, which achieved the plateau in total Raman area both for the 
first-order Raman region (800-1800 cm
-1
) [20-23] and the second-order Raman 
region (2000-3300 cm
-1
). Each of the acquired Raman spectra was further 
deconvoluted in order to understand the specific chemical structure of the char. The 
first-order Raman spectra were deconvolution into 10 Gaussian bands and the 
second-order Raman spectra were deconvolution into 7 Gaussian bands to obtain the 
detailed structural features of char. The detail assignment of these bands can be 
found elsewhere [28,29].  
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3.3 Results and discussion  
 
3.3.1 Char yield 
 
Figure 3-2 shows the char yield as a function of biomass particle size as well as 
temperature. As expected, high temperature would enhance the devolatilisation and 
gasification of char [20-23]. Therefore, for a given particles size, the char yield 
decreased with increasing temperature. In addition, at a specified temperature, the 
char yield increased with increasing particle size both for the gasification in steam 
atmosphere and CO2 atmosphere. Two reasons could be responsible for this trend. 
One is the differences between small and large particles in transporting the volatile 
precursors especially the tarry compounds to the out surface of the char during 
pyrolysis [21]. The mallee wood sample used in this research has a volatiles yield of 
81.6 wt% [21-23], and large amounts of volatiles would be released during pyrolysis. 
The residence time of the volatile precursors would be much longer in a large 
particle than in a small one. In addition, a high heating rate for a small particle could 
cause the quick formation of volatile precursors and thus result in a rapid pressure 
increase in the particle, which could also lead to a short residence time of volatile 
precursors in char. Therefore, more volatile precursors would recondense or reabsorb 
on the internal surface of the char from a large particle than that from a small one, 
resulting in increases in the char yield. The other reason for the increasing char yield 
with increasing particle size in Figure 3-1 could be the difference in the intra-particle 
diffusion of the gasifying agent between small and big particles, which could 









Figure 3-2. Char yields as a function of average biomass particle size during the 
gasification of mallee wood at 700, 800 and 900 ˚C in (a) 15% H2O balanced with Ar; 
(b) pure CO2.  
 
Further experiments were then carried out on the gasification of bio-char to 
understand the relative importance of above-mentioned two possible reasons. Figure 
3-3 illustrates the effect of bio-char particle size on the conversion of char in steam 
atmosphere and CO2 atmosphere. It can be seen that the conversion of char was 
almost the same regardless of particle size in the cases of gasification in steam 
atmosphere and in CO2 atmosphere, which indicated that there was plenty of time for 
the gasifying agent to penetrate into the char particles before the reaction took place. 
In other words, the intra-particle gas diffusion was not the rate-limiting step during 
gasification for the conditions used in this study. Therefore, the changes in the char 
yield with biomass particle size (Figure 3-2) were mainly due to the difference in the 
residence time of volatile precursors in small and big particles. A long residence time  
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Figure 3-3. Bio-char conversion as a function of the average bio-char particle size 
during the gasification of bio-char at 900 ˚C in 15% H2O balanced with Ar and in 
pure CO2. Bio-char samples of different particle sizes were prepared by crushing the 
same large bio-char sample. 
 
would tend to enhance the formation of additional coke from the volatile precursors 
within a pyrolysing biomass particle. 
 
3.3.2 Char structure 
 
3.3.2.1 Oxygenation of the char 
 
The total peak area of a first-order Raman spectrum was taken as the total intensity in 
the range between 800 and 1800 cm
-1
. Both Raman scattering ability and light 
absorption ability of char could affect the observed Raman intensity [29]. The 
presence of Raman-active oxygen species in char can exert a resonance effect 
between oxygen and aromatic ring to which oxygen is connected, which could 
enhance the total Raman intensity. On the other hands, the light absorptivity of char 
would be enhanced by the growth of aromatic ring systems, resulting in a decline in 
the observed total Raman intensity [29]. Figure 3-4 exhibits the influence of biomass 
particle size on the total band area of the first-order Raman at different gasification 
temperatures. For the biomass gasification in steam atmosphere and CO2 atmosphere, 
the total Raman intensity decreased with increasing gasification temperature, 
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especially from 700 to 800 ˚C. This decrease implied that the release of O-containing 
structure through thermal cracking and the growth of the aromatic ring system of 
char during gasification [20-23,27]. These changes would be intensified when the 
temperature reached 800 ˚C. In addition, there should be much more recondenced 
volatile precursors in the char matrix of big particle than that of small particle [21,23]. 
However, the total intensity of the fist-order Raman was not affected by biomass 
particle size. Therefore, this result indicated that the recondensed volatile precursors 
did not change the overall Raman-active oxygen species of char during gasification. 




Figure 3-4. Total first-order Raman area as a function of average biomass particle 
size during the gasification of mallee wood at 700, 800 and 900 ˚C in (a) 15% H2O 
balanced with Ar; (b) pure CO2. 
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Figure 3-5. Total first-order Raman area as a function of average bio-char particle 
size during the pyrolysis of mallee wood at 900 ˚C in Ar, pyrolysis and subsequent 
gasification of bio-char at 900 ˚C in 15% H2O balanced with Ar, pyrolysis and 
subsequent gasification of bio-char at 900 ˚C in pure CO2. 
 
Figure 3-5 illustrates the total intensity of the first-order Raman of char prepared 
from pyrolysis and then experienced the gasification in steam atmosphere or CO2 
atmosphere with different bio-char particle sizes. The total Raman intensity of char 
produced from pyrolysis was significantly lower than that after experiencing the 
gasification, indicating that some oxygen derived from H2O and CO2 would possibly 
form oxygen complexes on char matrix [27,30,31]. In addition, for different bio-char 
particle sizes, the total Raman intensity of char was almost the same, both for the 
gasification in steam atmosphere and CO2 atmosphere. It meant that the gasification 
may take place uniformly throughout the whole particles [23], regardless the particle 
size. Furthermore, comparing the total Raman intensity of char from gasification in 
steam with that in CO2, the total intensity of char prepared from the gasification in 
steam was much higher than that in CO2, indicating that more O-containing species 
connected with aromatic ring system in steam atmosphere than that in CO2 
atmosphere [27]. Moreover, comparing the total Raman intensity of char produced 
from the biomass gasification (Figure 3-4) with that from the bio-char gasification 
(Figure 3-5) under 900 ˚C, it can be seen that for the gasification in steam, the total 
Raman intensity of char produced from bio-char gasification with 10 minutes holding 
time was higher than that produced form biomass gasification with 4 minutes feeding 
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time, which meant the char structures became increasingly oxygenated with the 
progress of gasification in steam atmosphere. However, for the gasification in CO2, 
the total Raman intensity was almost the same, regardless of the reaction time. This 
result indicated that the oxygen complexes formed on char during the gasification in 
steam atmosphere and CO2 atmosphere were different. The oxygen spices formed in 
steam atmosphere should be more Raman-active than that formed in CO2 atmosphere. 
Therefore, the different gasification behaviour in terms of the total Raman intensity 
between the gasification in steam atmosphere and CO2 atmosphere indicated that the 
char-H2O and char-CO2 reactions followed different reaction pathway [27]. 
 
3.3.2.2 Change in the aromatic ring systems in char 
 
Based on the bands assignment of the first-order Raman spectrum [29], the ID mainly 
represents the large aromatic ring systems with no less than 6 fused rings, while the 
I(Gr+Vl+Vr) mainly represents the small aromatic ring systems with less than 6 fused 
rings. Therefore, the band area ratio ID/I(Gr+Vl+Vr) can be used as an indirect indication 
of the relative ratio of small to large aromatic ring systems in char [29]. 
 
As is shown in Figure 3-6, for the gasification in steam atmosphere and CO2 
atmosphere, a higher temperature tended to result in a higher ID/I(Gr+Vl+Vr) ratio. High 
temperature meant fierce thermal cracking and gasification reaction which would 
enhance the selective removal of small aromatic systems and the conversion of small 
aromatic systems to large ones in char [27,30,31]. Furthermore, for a given 
temperature, this ratio was constant, regardless of particle sizes, which confirmed 
that the coke or soot formed from the recondensed volatile precursors had structural 












Figure 3-6. Raman band area ratios D/Gr+Vl+Vr as a function of average biomass 
particle size during the gasification of mallee wood at 700, 800 and 900 ˚C in           
(a) 15% H2O balanced with Ar; (b) pure CO2. 
 
Figure 3-7 illustrates the band area ratios ID/I(Gr+Vl+Vr) of chars prepared from 
pyrolysis and chars that also experienced the gasification in steam atmosphere and 
CO2 atmosphere. The band ratios ID/I(Gr+Vl+Vr) of chars produced from pyrolysis was 
lower than that after gasification, indicating that the gasification process would 
enhance the selective removal of small aromatic systems and the conversion of small 
aromatic systems to large ones in char [27,30,31]. In addition, both for the 
gasification in steam and CO2, the band ratios ID/I(Gr+Vl+Vr) of chars were almost 
constant with the particle size. These results were consistent with the analysis results 
of the total Raman intensity of chars of different particle sizes during the bio-char 
gasification experiments, confirming that the gasification took place uniformly 
throughout the whole particles [23].  
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Figure 3-7. Raman band area ratios D/Gr+Vl+Vr as a function of average bio-char 
particle size during the pyrolysis of mallee wood at 900 ˚C in Ar, pyrolysis and 
subsequent gasification of bio-char at 900 ˚C in 15% H2O balanced with Ar, 
pyrolysis and subsequent gasification of bio-char at 900 ˚C in pure CO2. 
 
Furthermore, the band ratios ID/I(Gr+Vl+Vr) of chars produced from gasification in 
steam were much higher than those produced from gasification in CO2. This was 
mainly due to the H radicals generated from H2O during gasification would penetrate 
into the char matrix and induce the aromatic ring condensation reactions [27]. 
Therefore, the conversion of small aromatic systems to large aromatic systems was 
more pronounced in steam atmosphere than that in CO2 atmosphere, resulting in the 
higher band area ratio. Moreover, making the comparison of the band ratios 
ID/I(Gr+Vl+Vr) of chars between that from the biomass gasification with 4 minutes 
feeding time (Figure 3-6) and that from the bio-char gasification with 10 minutes 
holding time (Figure 3-7) at 900 ˚C, both for the gasification in steam atmosphere 
and CO2 atmosphere, the small aromatic rings were more preferred to be consumed 
by the gasifying agent than the large aromatic rings with the progress of gasification, 
resulting in increases in the band ratio ID/I(Gr+Vl+Vr).  
 
3.3.2.3 Change in the structural compactness in char  
 
Amorphous carbon such as chars produced from gasification should contain lots of 
sp
3
-rich structures [28,29]. Based on the band assignment of the Raman spectrum, 
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the presence of the alkyl-aryl C-C structures, substitutional groups (other than O-
containing ones) as well as the crossing-linking density in char can be indicated by 
the intensity of S band [29]. Meanwhile, the intensity of the 2S band in the second-
order can also be used as an indication of the structural compactness of char [28]. 
However, unlike the S band that increased with the increasing crossing-linking 
density of char, lots of studies indicated that the bandwidth as well as the intensity of 
2S band decreased with the increasing crystallinity of the carbon-based materials 
[32-34]. The most important additional finding in the analysis of the second-order 
spectrum was the changes in the intensity of the 2S band during gasification while 
the intensity of S band in the first-order Raman did not show clear change during 
gasification. 
 
Figure 3-8 shows the intensity ratios I2S/ITotal as a function of the biomass particle 
size and gasification temperature. Both for the gasification in steam atmosphere and 
CO2 atmosphere, the ratios I2S/ITotal were almost the same for chars produced at 800 
˚C and 900 ˚C and were significantly lower than that at 700 ˚C. These results 
indicated the enhancing structural compactness of char with increasing gasification 
temperature, especially when the temperature was reached 800 ˚C. Also this ratio did 
not change with the biomass particle size. It can be seen that the data show some 
fluctuation when the gasification temperature reached 800 ˚C. This was mainly 
because that the total Raman intensity of the second-order was very weak for the 
chars produced from gasification in steam atmosphere and CO2 atmosphere at 800 ˚C 
and 900 ˚C. Therefore, the deconvolution of the second-order spectrum would suffer 








Figure 3-8. Raman band area ratios 2S/Total as a function of average biomass 
particle size during the gasification of mallee wood at 700, 800 and 900 ˚C in           
(a) 15% H2O balanced with Ar; (b) pure CO2. 
 
Figure 3-9 illustrates the effect of bio-char particle on the change in the band area 
ratio I2S/ITotal during gasification in steam atmosphere and CO2 atmosphere at 900 ˚C 
(such ratio of char from pyrolysis at 900 ˚C is not displayed here due to the low 
intensity of the second-order Raman making it very difficult to get a reliable 
deconvolution result). It can be seen that the band area ratio I2S/ITotal of char from the 
gasification in steam tended to be lower than that from the gasification in CO2. This 
could be also explained by the presence of H radicals during gasification in steam, 
which would greatly activate the aromatic rings of char for the drastic growth of 
large aromatic ring systems, resulting in the enhanced structural compactness of char 
compared with that from gasification in CO2.  
 
























Biomass Particle Size, mm
























Biomass Particle Size, mm
Curtin University of Technology Page 58 
 
  








 After gasification in steam 










Bio-char Particle Size, mm
 
Figure 3-9. Raman band area ratios 2S/Total as a function of average bio-char 
particle size during the pyrolysis of mallee wood in Ar and subsequent gasification of 
bio-char in 15% H2O balanced with Ar at 900 ˚C, pyrolysis of mallee wood in Ar and 
subsequent gasification of bio-char in pure CO2 at 900 ˚C. 
 
3.4 Conclusions  
 
The influence of biomass particle size and gasification atmosphere in the char yield 
and evolution of char structure was investigated. The increased char yield with 
increasing biomass particle size during the gasification of biomass was mainly due to 
the increased heat and intra-particle mass transfer resistance in transporting the 
volatile precursors out of particles during the devolatilistion step. The subsequent 
gasification was not rate-limited by intra-particle diffusion of the gasifying agent 
under the present experimental conditions. The structural features of char changed 
drastically during the subsequent gasification. The biomass particle size had minimal 
effect on char structure, both for the gasification in steam atmosphere and CO2 
atmosphere, which meant that the recondensed volatile precursors did not result in 
significant changes in the overall char structure during gasification and the 
gasification might take place uniformly throughout the char particle, regardless of the 
particle size under the present experimental conditions. The differences in char 
structure as revealed by Raman spectroscopy confirmed that the char-H2O and char-
CO2 reaction follow different reaction pathway. 
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Char gasification is the rate-limiting step for the overall solid fuel gasification 
process [1,2]. There are a few important factors influencing the char gasification rate 
[3]. Firstly, the inherent alkali and alkaline earth metallic (AAEM) species in char 
can act as excellent catalysts for char gasification [3]. The presence of highly 
dispersed AAEM species can not only significantly speed up the gasification reaction, 
affect the properties of pyrolysis products, but also in turn have a great impact on the 
evolution of char structure [4-6]. Secondly, the transformation of aromatic ring 
systems in char will greatly influence char reactivity during gasification. It has 
become clear that the small ring systems (equivalent to 3-5 fused benzene rings) are 
preferentially consumed while the large ones (more than 6 fused rings) are left and/or 
formed during gasification, making the residual char more condensed and hard to be 
gasified [7-9]. Thirdly, the O-containing functional groups in char will also greatly 
influence the gasification rate to some extent, especially for the gasification of the 
low-rank fuels at low temperature. It is believed that some kinds of O-containing 
structures in char are responsible for enhancing the char gasification rate [4,7]. For a 
better understanding of the gasification mechanisms, the changes in char structure, 
especially the evolution of O-containing structures, must be quantified during 
gasification.  
 
FT-Raman spectroscopy has been demonstrated to be a powerful analytical method 
to characterise the evolution of aromatic ring systems in char during gasification due 
to its outstanding ability to respond to the non-polar bond vibration [10-14]. 
However, only limited information can be obtained from the Raman spectrum about 
the changes of O-containing structures in char, especially the changes in the chemical 
bonding between oxygen and carbon during gasification. Although the total Raman 
intensity can be used as an indication of the relative amount of the O-containing 
functional groups in char, it only restricts to the oxygen species which has a 
resonance effect with the aromatic ring structure to which it is connected [10]. Not 
all oxygen species in char could have the resonance effect with the aromatic ring. 
Therefore, other techniques must be applied to study all O-containing functional 
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groups in char and provide useful information on the evolution of O-containing 
structures in char during gasification. X-ray photoelectron spectroscopy has been 
proved to be one of the most powerful tools in detecting the surface structure of 
carbonaceous materials [15-18]. Although the validity of XPS analysis is limited to 
determine the surface structure of material, its high sensitivity to the chemical nature 
of atomic species has make it extensively developed as an useful technique for 
identifying the structural features of different types of carbon materials [19,20]. In 
addition, the ability to identify elemental bonding states has make it widely used in 
determining the organic functional group composition of char through a detailed 
analysis of the high-resolution band of each elements [21,22]. 
 
The purpose of this study is to investigate the effects of gasification temperature and 
gasification atmosphere on the evolution of O-containing structures in char. X-ray 
photoelectron spectroscopy was applied to characterise carbon and oxygen species in 
chars produced from the gasification of mallee wood at 600-900 ˚C in three different 
atmospheres (pure CO2, 15% H2O-Ar, 15% H2-Ar). The high-resolution O 1s peak of 
the XPS spectra were further analysed in order to gain insights into the nature of 
oxygen bonding with carbon in addition to the determining of the contents of carbon 
and oxygen in char. Our data provided further insight into the char gasification 
mechanisms. 
 
4.2 Experimental  
 
4.2.1 Biomass sample 
 
Mallee wood in the size range of 4.75-5.60 mm from Western Australia was used as 
the feedstock in this research. The preparation of the wood sample can be found 
elsewhere [23]. The proximate analysis of the sample gave a 0.9% ash yield and  
81.6% volatiles yield, and the elemental analysis of the sample gave a 48.2% C,     
6.1% H, 0.2% N and 45.5% O (wt%, dry and ash-free basis) [23]. Before each 
experiment, the samples were taken out from the freezer and dried in oven overnight 
at 105 ˚C to remove the moisture. 
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4.2.2 Biomass Gasification 
 
A fluidised-bed quartz reactor was used to carry out the biomass gasification 
experiments. About 2 g biomass (weighed accurately) was pre-loaded into the feeder. 
Before feeding, the reactor was heated to the target temperature with the flow of Ar 
through the reactor. The feeding of biomass into the reactor was started with the help 
of an electrical vibrator. When the feeding was finished, the reactor was held for 20 
minute to make sure that all volatiles have been released. The reaction gas was 
switched from Ar to the gasifying agent. For gasification in steam atmosphere, it was 
15% steam balanced with Ar. For gasification in H2 atmosphere, it was 15% H2 
balanced with Ar. For gasification CO2 atmosphere, pure CO2 was used. After 4 
minutes of holding in the gasification atmosphere, the reactor was lifted out of the 
furnace immediately and cooled down naturally with Ar flowing into the reactor 
instead of the gasifying agents. After each experiment, the collected char sample was 
put in sealed vials and stored in a freezer to avoid further oxidation by the ambient 
oxygen. 
 
4.2.3 Char characterisation   
 
X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Ultra 
DLD Thermo Escalab 250 with monochromated Al Kα X-rays (photon energy   
1486.7 eV). XPS measurements were carried out under ultra-high vacuum conditions 
(< 2.0×10
-10
 mbar) at room temperature. The survey scans were taken across the 
sample with binding energy from 1400 to 0 eV to determine all elements present in 
char. A pass energy of 40 eV was used for the collection of high-resolution spectrum 
of each of the selected elements.  
 
Elemental analysis was carried out on a FLASH 200 Elemental Analyser. Char 
sample was firstly ground to powder and then about 2.5 mg (weighed accurately) 
sample was loaded into a 157 µL tin capsule. The tin capsule was fold sealing and 
put into the autosampler. When the analysis started, the sealed tin capsule would 
drop into a quartz reactor placed in a furnace at the temperature of 900 ˚C. All 
Curtin University of Technology Page 68 
 
  
organic compound of the sample were combusted into gases and passed through the 
thermal conductivity detector TCD for quantitative analysis. 
 
4.3 Deconvolution and band assignment of the XPS spectra 
 
Datum processing of the acquired XPS spectra of chars was performed using the 
CasaXPS Peak fitting software. The binding energy of original XPS spectra was 
calibrated with respect to the adventitious carbon component of the C 1s peak at 
284.5 eV. The spectra were curve-fitted after linear pre-edge and Shirley background 
subtraction, using mixed Gaussian and Lorentzian bands. The position and 
assignment of the bands in the O 1s spectra are briefly summarised in Table 4-1. 
 
The curve-fitting of the high-resolution O 1s spectra was taken in the range between 
528.0 and 539.0 eV. The broadening of the O 1s spectra meant large varieties of     
O-containing structures presented in char. Based on the XPS spectra of some model 
compounds [9,24,25], one band at around 531.3 eV was assigned to the O=C 
(aromatic) functional groups such as benzoquinone type structure in char. Another 
band at around 531.6 eV was attributed to the R-(C=O)-C (aromatic) functional 
groups such as aromatic ketone or carbonyl structure in char [21,25,26]. It is clear 
that these two kinds of O-containing functional groups have very close binding 
energies and they can not be reliably distinguished through the curve-fitting 
procedure. Therefore, in this study, the band in the range of 531.0-531.8 eV was 
assigned to all aromatic C=O structures in char. On the high binding energy side, one 
band at the position around 533.2 eV was attributed to oxygen inside the carbon ring 
such as epoxide or furan type structure in char [21,25,27]. Another band around 
533.3 eV was assigned to the O-C (aromatic) structure such as phenol or diphenyl 
ether [17,25,26]. Moreover, the band located at around 533.6 eV was assigned to the 
O*-(C=O)-C (aromatic) functional group such as carboxyl structure in char [25]. 
Similarly, because of the close binding energies among these three oxygen-carbon 
structures and the complexity of O-contaning functional groups in char, the band in 
the range between 533.0 and 533.8 eV was assigned to all aromatic C-O structures in 
char. In addition to the two main bands assigned above, another weak peak appearing  
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Table 4-1. Summary of peak/band assignment. 
Spectra  Band position, eV Description  References 
 531.4 Aromatic C=O structure 9,21,24-26 
O 1s 533.4 Aromatic C-O structure 17,21,25-27 
 536.0 Absorbed O2 9,17 
 
from 535.6 to 536.4 eV was identified as the absorbed O2 existing on char surface 
[9,17]. 
 
A typical example of the spectral deconvolution/curve-fitting of the high-resolution 
O 1s peak of char using three bands is shown in Figure 4-1. Similar success of curve-
fitting can also be achieved for all other char samples investigated in this study. 
 
 
Figure 4-1. Spectral deconvolution of a XPS O 1s peak of char from the gasification 
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4.4 Results and discussion  
 
4.4.1 Char yield 
 
The gasification of mallee woody biomass was carried out at different temperatures 
ranging from 600 to 900 ˚C in three gasifying agents (pure CO2, 15% H2O-Ar, 15% 
H2-Ar). Figure 4-2 shows the char yields as a function of gasification temperature in 
three gasifying atmospheres. As expected, the char yield decreased with increasing 
temperature because of the enhanced thermal cracking and gasification reaction. In 
addition, for different gasification atmospheres, when the temperature was below  
700 ˚C, there was not much difference in the char yield, indicating that the main 
reaction was pyrolysis at this stage. However, when the temperature was higher than 
700 ˚C, the gasification reaction became fierce and the gasification in CO2 proceeded 
the fastest among the three atmospheres. As expected, the conversion of char 
proceeded the slowest during the gasification in H2 atmosphere, confirming that the 
char-H2 reaction was much slower than the char-H2O and char-CO2 reaction [4,12].  
 
 
Figure 4-2. Char yields as a function of gasification temperatures for mallee wood in 
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4.4.2 Formation of carbonates during the gasification in CO2 at 900 ˚C 
 
According to our previous studies [11,28], the extensive volatilisation of Ca and Mg 
from char matrix during gasification in CO2 at 900 ˚C in a fluidised-bed reactor took 
place because of the formation and aggregation of carbonates on char surface. Some 
Ca and Mg species in biomass were present as the carboxyl-bound cations and would 
retain their high dispersion during fast pyrolysis even at high temperature (up to    
950 ˚C) [6,28]. Once the char was exposed to CO2 at 900 ˚C, the well-dispersed 
alkali earth metallic species could be carbonated to form CaCO3 and MgCO3 on char 
surface [28,29,30]. 
 
This result was confirmed by the XPS analysis in this work. Figure 4-3 shows the 
XPS spectra of a char from the gasification of mallee wood at 900 ˚C in pure CO2. 
The high-resolution O 1s spectrum showed a very clear peak located at around   
535.0 eV which was just the position of carbonate structures [31]. In order to clarify 
the nature of this band, the char was acid-washed with 0.2 M hydrochloric acid to 
remove the carbonates as well as the AAEM species on char surface. It can be seen 
from the survey scan that almost all Ca and Mg species were removed from char, and 
the band in the range of 534.0-536.0 eV in the O 1s high-resolution spectrum 
disappeared after the acid-washing, indicating the formation of CaCO3 and MgCO3 
during gasification in CO2 at 900 ˚C.  
 
The alkali earth metallic carbonate on char could serve as excellent catalysts for the 
char gasification [31,32], partially explaining the high reactivity of chars from 
gasification in CO2 at 900 ˚C. 
 
 





Figure 4-3. Effects of acid washing on the XPS spectra of (a) survey scan and       
(b) high-resolution of O 1s peak of the char from the gasification of mallee wood at    
900 ˚C in pure CO2. 
 
4.4.3 Similarity in O/C ratio between surface and bulk analyses 
 
In order to identify whether there were some difference in the contents of carbon and 
oxygen between char surface and char matrix, the results from elemental analysis 
were compared with those from XPS analysis. The contents of carbon and oxygen in 
char from XPS analysis were obtained by the calculation of total peak intensity and 
the relative sensitivity factors of each element. The content of inorganic oxygen was 
deducted from the total oxygen by calculating the amount of all metal oxide in the 
XPS spectra. Due to the inability to detect the H element through the XPS analysis, 
the O/C ratio of char during gasification was used to compare the difference between 
surface and bulk analyses.  







































Figure 4-4. The O/C ratios of chars as a function of gasification temperatures for 
mallee wood in (a) pure CO2, (b) 15% H2O balanced with Ar and (c) 15% H2 
balanced with Ar. 
 
As is shown in Figure 4-4, for a given temperature, the O/C ratios of char from XPS 
and elemental analysis were almost the same and the relative difference between 
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these two analysis results was less than 6%, which means the whole char particle was 
chemically uniformed so there was not much difference between the surface and char 
matrix. Although the XPS analysis can not detect the H element in char, based on the 
elemental analysis results, the content of H species in char was very little (less than 
2%). Therefore, the XPS analysis can still be used as a characterisation method to 
indicate the concentration of carbon and oxygen species of the whole char particles 
during gasification. 
 
4.4.4 Relative contents of chemical components in O 1s spectra 
 
A clearer trend for the changes in O-containing functional groups can be found 
through the deconvolution of O 1s spectra of chars. Figure 4-5 illustrates the relative 
contents of O-containing structures in O 1s high-resolution spectra. The decreasing 
relative contents of aromatic C-O structures in O 1s spectra with increasing 
temperature confirmed the loss of C-O structures in char during gasification. The 
increases in aromatic C=O structures with increasing temperature might be attributed 
to its low reactivity compared with aromatic C-O structures in the reactive 
atmosphere so it was hard to be broken down during gasification. The other 
possibility was that some aromatic C-O structures may transform to aromatic C=O 
structures during gasification. The deconvolution result of O 1s spectra can only 
show the relative content of each O species, in order to identify the exact amount of 
O-containing structures left on char during gasification, the absolute quantity of each 
















Figure 4-5. Relative contents of functional groups in O 1s spectra obtained by XPS 
analysis as a function of gasification temperatures for mallee wood in (a) pure CO2, 
(b) 15% H2O balanced with Ar and (c) 15% H2 balanced with Ar. 
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4.4.5 Absolute amount of carbon and oxygen species in char during gasification 
 
The absolute amount refers to the amount of residual species in char based on per 
initial gram of biomass char (before gasification). The absolute amounts of C and O 
species in char obtained by the XPS calculation results and the char yield of mallee 
wood during gasification are illustrated in Figure 4-6. As expected, the residual C 
and O species in char decreased with increasing temperature due to the enhanced 
thermal cracking and gasification reactions. Compared with the gasification in steam 
and in CO2, much C and O species were left on char during the gasification in H2 due 
to the slow consumption of C and O species in H2 atmosphere.  
 
Detailed information about the changes in O-containing structures can be obtained 
through further analysing the deconvolution results of the O 1s spectra of chars. As is 
shown in Figure 4-6 (c), there was a drastic decrease in the aromatic C-O structures 
in char with increasing temperature for all three gasification atmospheres, again 
indicating the high reactivity of aromatic C-O structures during gasification. In 
addition, a clear difference appeared for the residual C=O structures in char between 
gasification in H2 atmosphere and the oxidising atmosphere (CO2, H2O). It can be 
seen from Figure 4-6 (d) that the amounts of C=O structures of char from the 
gasification in steam and in CO2 continuously decreased with increasing temperature, 
especially at high temperature. However, such structure in chars from gasification in 
H2 was almost constant until 850 ˚C. The char gasification in H2 was quite slow and 
the loss of O-containing functional groups was mainly because of the enhanced 
thermal cracking, not the gasification reaction. Therefore, the chemical stability of 
the aromatic C=O structures made it more likely to survive during the thermal 
cracking and some aromatic C-O structures may transform to the more stable 
aromatic C=O structures, resulting in a steady amounts of aromatic C=O structures in 
char until 900 ˚C where the gasification become intensified. In contrast, for the bio-
char gasification in steam atmosphere and CO2 atmosphere, the aromatic C=O 
structures would be continuously consumed by the oxidising gasifying agent, 
especially with increasing temperature and thus intensified gasification.  
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Figure 4-6. Amounts of (a) C species, (b) O species, (c) O with C-O structure and   
(d) O with C=O structure in char based on per gram of mallee wood obtained by XPS 
analysis as a function of gasification temperatures. 
 
Figure 4-7 shows the absolute amounts of aromatic C-O structures and aromatic C=O 
structures in char as a function of char yield. It can be seen from Figure 4-7 (a) that, 
with the progress of gasification, the amounts of aromatic C-O structures of char 
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oxidising atmospheres, indicating that the C-O structures was much easy to be 
consumed in the reducing atmospheres. However, at high char yields, the residual O 
with C-O structure for gasification in H2 atmosphere seems higher than that in steam 
and CO2 atmosphere. This is mainly due to the experimental errors. Because the 
highest char yield for the three gasification atmospheres in Figure 4-7 refer to the 
gasification at 600 ˚C, pyrolysis was the dominant reaction and the char yield should 
be almost the same among different atmospheres. However, the char yield of 
gasification at 600 ˚C under H2 atmosphere (11.96%) is a little lower than that under 
steam atmosphere (12.46%) and CO2 atmosphere (12.75%). Therefore, the residual 
O with C-O structure for gasification in H2 seems higher than that in steam and CO2 
at high char yield. In addition, as is shown in Figure 4-7 (b), the amounts of aromatic 
C=O structures decreased with decreasing char yield and no much difference can be 
seen among the three atmospheres, which meant that the consumption of aromatic 
C=O structures was more likely related to the progress of gasification both in the 
reducing atmospheres and oxidising atmosphere. Therefore, the steady amounts of 
aromatic C=O structures in char with the increasing temperature during the 













Figure 4-7. Amounts of (a) O with C-O structure and (b) O with C=O structure in 
char based on per gram of mallee wood obtained by XPS analysis as a function of 
char yield. 
 
4.4.6 Oxygenation and de-oxygenation during char gasification 
 
The gasification of low-rank fuels in oxidising atmospheres (e.g. H2O, CO2) is an 
oxygenation process based on our study of the total Raman intensity [4,7]. As 
mentioned above, the XPS analysis can also give a direct indication of the amount of 
O species in char during gasification, and it will involve all O species not just the O 
which have the resonance effect with the aromatic ring to which it is connected.  
 
Figure 4-8 illustrates the relative contents of each chemical component in char. The 
relative contents refer to the contents of each chemical component in char based on 
per actual gram of biomass char (remaining after gasification). It can be seen from 
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Figure 4-8 (a) and (b) that the relative contents of C species in char continued to 
increase while relative contents of O species decreased with increasing gasification 
temperature, indicating that the O species were easier to be consumed or released 
from char matrix than the C species during gasification. In other words, high char 
yield should imply high O contents of char. Because the char yield from gasification 
in the oxidising atmospheres was much lower than that from the reducing 
atmosphere when the temperature was higher than 800 ˚C, it was reasonable to 
speculate that the relative contents of O species of char from gasification in CO2 and 
in steam should be lower than that from gasification in H2. However, when the 
temperature was higher than 800 ˚C where the gasification reaction became fierce, 
the relative contents of O species of char from gasification in the oxidising 
atmospheres were slightly higher than that in reducing atmosphere. Therefore, it was 
believed that some O derived from the oxidising gasifying agent would lead to the 
oxygenation of the aromatic ring system in term of forming some intermediates such 
as C(CO), C(OH) and C(O) structures in char matrix during gasification [7,33-35], 
contributing to the high contents of O species of char. Further information can be 
obtained from the deconvolution result of the O 1s spectra. As is shown in Figure 4-8 
(c) and (d), the contents of aromatic C-O structures of chars from the gasification in 
the oxidising atmospheres were higher than that in the reducing atmosphere when the 
temperature was higher than 800 ˚C. In addition, for the contents of aromatic C=O 
structures in char among these three atmospheres, no much difference can be 
observed. All this indicated that the captured O species from the oxidising gasifying 
agent were much likely bonded to the char matrix with C-O structure.  
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Figure 4-8. Relative contents of (a) C species, (b) O species, (c) O with C-O 
structure and (d) O with C=O structure in char obtained by XPS analysis as a 























































































































































































































































































































Figure 4-9. Relative contents of (a) O with C-O structure and (b) O with C=O 
structure in char obtained by XPS analysis as a function of char yield. 
 
More evident can be found in Figure 4-9. It can be seen that the contents of aromatic 
C-O structure of char gasified in the oxidising atmosphere was much higher than that 
in the reducing atmosphere with the process of gasification, while no much 
difference can be observed for the contents of aromatic C=O structure among the 
three atmospheres. Furthermore, considering the high gasification rate of char from 
gasification in steam and in CO2, the continuously generated C-O structures were 
most likely to be responsible for promoting the char gasification reactivity. 
 
4.5 Conclusions  
 
Australia mallee wood was gasified in a fluidised-bed reactor at 600-900 ˚C in 
oxidising and reducing atmospheres (pure CO2, 15% H2O-Ar and 15% H2-Ar). Our 
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results revealed that the gasification of char in steam atmosphere and CO2 
atmosphere was much faster than that in H2 atmosphere. For the gasification in CO2 
at 900 ˚C, some CaCO3 and MgCO3 formed in char and might serve as excellent 
catalysts for the char gasification, partially explaining the high gasification reactivity 
of char from such gasification condition. The similar O/C ratio of char from XPS and 
elemental analysis indicated the chemical similarity between char surface and char 
matrix. In addition, the aromatic C-O structure in char was highly reactive so that it 
can be easily removed or broken down while the low reactivity of the aromatic C=O 
structure made it more likely to survive during gasification. The amount of aromatic 
C-O structure left in char during gasification under reducing atmosphere was lower 
than that under oxidising atmosphere, while the consumption of aromatic C=O 
structure was related to the progress of gasification regardless of the atmosphere. 
Moreover, the high contents of O species of chars from gasification in steam and in 
CO2 at high temperature confirmed the oxygenation of char gasified in the oxidising 
atmospheres. The formation of C-O structure in char during the oxygenation process 
was much likely to be responsible for the high gasification reactivity of char in the 
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Changes in char structure during the             
low-temperature gasification of mallee bio-char 
in air 
 





Gasification is an effective technology to convert solid fuels into a combustible gas 
that can be further used to generate electricity and to synthesise liquid fuels as well 
as chemicals [1-2]. Gasification will invariably be an endothermic process if the 
main product is the gas with high heating value such as H2. For a practical gasifier, 
the energy required for the endothermic process is afforded by the energy produced 
from the combustion of biomass itself without any external supply of thermal energy 
into the gasifier [3-6]. Therefore, apart from some commonly referred gasification 
reaction such as char-CO2, char-H2O and char-H2 reaction, the char-O2 and volatiles-
O2 reaction can also be inevitable in a practical and efficient gasifier. Theoretically, 
the thermal energy produced from char-O2 reaction should be ideally released to 
maintain the required gasification temperature [7]. Therefore, a good understanding 
of the char-O2 reaction mechanisms is important and necessary for the design and 
operation of a commercial gasifier. 
 
Structural feature of char greatly influences its gasification reactivity [8-10].         
FT-Raman spectroscopy has been proved to be one of the most powerful analytical 
methods to characterize the evolution of aromatic ring systems of char due to its 
outstanding ability in probing the non-polar bond vibration [11-18]. In addition, 
based on our previous studies [11,12,18], the total Raman intensity can also be used 
to indicate the presence of O species that have a resonance effect with aromatic ring 
to which it is connected. FT-IR spectroscopy is another analytical technique that has 
been widely used in the characterisation of char structure, especially the                  
O-containing functional groups due to its high sensitivity in detecting the polar bond 
vibration [19-22]. The use of these two complementary analytical techniques 
together would provide a more comprehensive characterisation of the char structure. 
 
Some studies have been performed to investigate the low temperature gasification of 
low-rank fuels in air by employing the Raman spectroscopy [7,23]. However, they 
mainly focused on the gasification behaviours of char prepared from the 
devolatilisation process. Gasifying agent such as CO2, H2O and H2 will be 
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continuously released in a practical gasifier, and the devolatilised chars could have 
the chance to be partially gasified by such agents before it reacts with O2, especially 
for the up-draft gasifier. Therefore, investigation on the structural changes of the 
partially gasified char during gasification in air would have some profound meaning 
and practical value for operating a commercial gasification plant.  
 
The purpose of this study is to investigate the evolution of char structure during low-
temperature gasification of the partially gasified chars in air. Four kinds of partially 
gasified chars were prepared, which were char gasified in steam at 600 ˚C 
representing the low temperature gasification and char gasified in CO2, steam and H2 
at 900 ˚C representing the high temperature gasification. The partially gasified char 
was reacted with air in TGA at 375 ˚C to ensure that the conversion of char was rate-
limited by the chemical reaction in order to better investigating the char-O2 reaction 
mechanism. The collected char samples at different conversion levels during 
gasification in air were characterised by the FT-IR/Raman spectroscopies. 
 
5.2 Experimental  
 
5.2.1 Gasification of biomass in CO2, steam and H2 
 
The four kinds of partially gasified chars used in this study were obtained from the 
experiments in Chapter 4. Briefly, Australia mallee wood with particle size between 
4.75 and 5.60 mm was used. The biomass sample had an ash yield of 0.9 wt% and a 
volatile yield of 81.6 wt% with an elemental composition of 48.2 wt% C, 6.1 wt% H, 
0.2 wt% N and 45.5 wt% O (dry and ash-free basis) [9]. A fluidised bed quartz 
reactor was used to carry out the gasification experiments. The details of this reactor 
can be found elsewhere [9]. About 2 g biomass (accurately weighted) was 
continuously fed into the reactor with the flow of Ar inside the reactor when the 
desired temperature (600, 900 ˚C) was reached, followed by holding for 20 minutes 
to ensure that all volatiles have been released. The gasification reaction was 
commenced by switching the gas from Ar to the gasifying agent (pure CO2, 15% 
H2O-Ar, 15% H2-Ar). After 4 minutes holding in the gasification atmosphere, the 
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reactor was lifted out the furnace immediately and cooled down naturally with Ar 
flowing through the reactor instead of the gasifying agents. 
 
5.2.2 Char gasification in air 
 
Chars produced from different gasification conditions were reacted with air in a 
Perkin-Elmer Pyris 1 TGA. Char samples were first heated to 375 ˚C in N2 
atmosphere and then switched to air to commence the gasification in air. When 
acquired char conversion level was reached, the reaction was stopped by lowering 
down the furnace to let the char residue cooling down naturally to the room 
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5.2.3 Char characterisation   
 
A Perkin-Elmer Spectrum GX FT-IR/Raman spectrometer was used to characterise 
the char structure. Raman spectra of chars were recorded by an InGaAs detector 
using a back scattering configuration with a Nd:YAG excitation laser of 1064 nm. 
The char sample was diluted with spectroscopic grade KBr and then ground into 
powder making the char concentration of 0.5 wt% in the char-KBr mixture, which 
achieved a plateau value for the total Raman intensity. Each Raman spectrum 
represents the average of 200 scans and the spectral resolution was 4 cm
-1
. IR spectra 
of chars were acquired by a DTGS detector equipped with a HeNe laser beam. The 
char concentration of 1.0 wt% in char-KBr pellets was chosen. Each IR spectrum 
represents the average of 32 scans and the spectral resolution was 4 cm
-1
. All Raman 
and IR spectra were baseline corrected by using the software provided by Perkin-
Elmer with the spectrometer.  
 
The Raman spectra were deconvolution into 10 Gaussian bands in the first-order 
region (800-1800 cm
-1
) and 8 Gaussian bands in the second-order region (2000-  
3300 cm
-1
) to obtain the detailed structural features of char. The position and 
assignment of these bands has been described in our previous studies [11,12]. One 
modification has been made on the deconvolution method of the second-order 
Raman spectra because of the presence of an additional peak at around 2950 cm
-1
 for 
the chars from low temperature gasification (600 ˚C) and gasification in air in TGA. 
This band was originated from the overtone of VL band in the first-order [11,24], 
thus named as 2VL, representing amorphous carbon structures. A typical example of 
the spectral deconvolution of the first and second-order Raman spectra of chars is 
shown in Figure 5-2.  
 
 





Figure 5-2. Spectral deconvolution of a Raman spectrum in (a) first-order region and 
(b) second-order region of the chars from gasification in 15% H2O-Ar at 600 ˚C. 
 
The IR spectra in the wavenumber of 700-1900 cm
-1
 was shown to indicate the 
typical chemical structures of char. Figure 5-3 illustrates the IR spectra of chars at 
different conversion levels during gasification in air at 375 ˚C in TGA. Five major 
bands can be found in the IR spectra. The assignments of these five bands are 
summarised in Table 5-1. Briefly, one band located at around 1700 cm
-1
 was 
assigned to carbonyl or carboxyl C=O stretch [20-22,24,25]. One band appearing at 
about 1580 cm
-1
 was attributed to the aromatic ring quadrant stretch [24], and 
another band at around 1450 cm
-1
 was attributed to the aromatic ring semi-circle 
stretch [24]. One band at around 1330 cm
-1
 was assigned to the aryl-CH3 bending 
vibration [20-22,24] and another band at around 1150 cm
-1 
was assigned to the 
aromatic C-O stretching vibration [20-22,24,25]. 
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Figure 5-3. FT-IR spectra of chars from (a) gasification in 15% H2O-Ar at 600 ˚C,   
(b) gasification in pure CO2 at 900 ˚C, (c) gasification in 15% H2O-Ar at 900 ˚C and 
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Table 5-1. Summary of band assignment of IR peaks/bands. 
Band position, cm
-1
 Description  References 
1700 carbonyl or carboxyl C=O stretching vibration 20-22,24,25 
1580 aromatic ring quadrant stretching vibration 24 
1450 aromatic ring semi-circle stretching vibration 24  
1330 aryl-CH3 bending vibration 20-22,24 
1150 aromatic C-O stretching vibration 20-22,24,25 
 
 
5.3 Results and discussion  
 
5.3.1 Oxygenation of the char 
 
Based on our previous studies [7,9,11,12,18,23], the presence of O-containing 
structures in char can be indicated by the total Raman band area (measured hereafter 
as the total peak area in the range of 800-1800 cm
-1
 for the first-order Raman and 
2000-3300 cm
-1
 for the second-order Raman). The electron-rich O species would 
have resonance effects with the aromatic ring structure to which it is connected, 
which would greatly enhance the Raman scattering ability and subsequently increase 
the total Raman intensity of char [17]. Figure 5-4 exhibits the changes in the total 
intensity of the first-order Raman during the gasification of chars at 375 °C in air for 
the chars prepared under different gasification conditions. 0% conversion means that 
the char was just after gasification in the quartz reactor and before gasification in air 
in TGA.  
 
At 0% char conversion, the observed total Raman band area of chars from 
gasification at 600 ˚C was much higher than that from gasification at 900 ˚C. The 
decreased total Raman band area with increasing temperature indicated the loss of 
the O species from the aromatic ring structure to which it is connected during 
gasification [7,9,11,23]. In addition, for the gasification in three different 
atmospheres at 900 ˚C, the Raman intensity of chars from gasification in steam and 
CO2 was higher than that from gasification in H2, which meant that some O derived 
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from the oxidising atmosphere would possibly form some oxygen complexes on char 
matrix [12,18]. The highest Raman intensity of the char from gasification in steam 
indicated its highest of the aromatic-connected O species among three gasification 
atmospheres. Once the char was exposed to air at 375 ˚C, the observed Raman 
intensity continuously increased with increasing conversion level for all four kinds of 
chars, indicating the oxygenation process during gasification in air (for the char 
produce at 600 ˚C, the decrease in the total Raman intensity for the char conversion 
from 80% to 90% was mainly due to the low carbonaceous content as well as the 
high ash yield in the char samples at that stage). Compared with the chars prepared at 
900 ˚C, such increases for the char prepared at 600 ˚C was much significant. It can 
be seen from Figure 5-1 that the reactivity of char prepared at 600 ˚C was much 
higher than that of char prepared at 900 ˚C. Therefore, the oxygenation was much 




Figure 5-4. The changes in total Raman areas (first-order) during the gasification of 
chars in air at 375 ˚C in TGA. (the Y-axis scale is different for the char produced 





































































































Evidence of the formation of additional O species in char during gasification in air 
can also be obtained from the IR spectra. As is illustrated in Figure 5-3, the total IR 
intensity of char at
 
0% conversion was quite low and would increase with increasing 
char conversion level. The IR intensity was also related to the O-containing 
functional groups in char because the electron-rich O species would effectively 
increase the electron cloud density of the aromatic system, and thus enhance the IR 
intensity [24]. More importantly, for the chars from gasification in steam at 600 ˚C, 
once the char reacted with O2, a clear band can be seen from the spectra at the 
position of 1700 cm
-1
, which represented the carbonyl or carboxyl structures in char. 
The newly formed carbonyl or carboxyl structure clearly demonstrated the creation 
of additional O species in char during gasification in air. Such carbonyl or carboxyl 
structure would directly connect to the aromatic ring system particularly as aromatic 
ketone or ester [23], directly explaining the drastic increase in the total Raman 
intensity of char during gasification in air. However, for the chars prepared from 
gasification at 900 ˚C, the presence of carbonyl or carboxyl structure was not 
obvious during the char gasification in air, only a small peak can be observed at the 
position of 1700 cm
-1
. All of these indicated that the chars prepared at 600 ˚C and 
900 ˚C followed different reaction pathways during gasification in air. 
 
5.3.2 Changes in the aromatic systems of char during gasification in air  
 
The deconvolution of Raman spectra allows further insight into the evolution of 
aromatic ring system of char during gasification in air. Based on the bands 
assignment of first-order Raman spectra [11], the D band mainly represented the 
large aromatic ring systems with no less than 6 fused rings, while the Gr, Vl and Vr 
bands were usually combined together to represent the small aromatic ring systems 
with 3-5 fused rings in char. Therefore, the band area ratios ID/I(Gr+Vl+Vr) can be used 








Figure 5-5. The changes in Raman band area ratios D/(GR+VL+VR) during the 
gasification of chars in air at 375 ˚C in TGA. 
 
It can be seen from Figure 5-5 that, as expected, at 0% char conversion, the band area 
ratios ID/I(Gr+Vl+Vr) of char from gasification at 900 ˚C was much higher than that 
from gasification at 600 ˚C, confirming the high concentration of large aromatic ring 
systems for the char produced from high temperature gasification [7,9,11,23]. In 
addition, the highest ID/I(Gr+Vl+Vr) ratios of char from gasification in steam at 900 ˚C 
was mainly due to the fierce aromatic ring condensation induced by the steam-
generated H radicals [18].  
 
Once the gasification of chars in air commenced in TGA, two different trends were 
found in the ratios ID/I(Gr+Vl+Vr) with increasing char conversion level. Chars prepared 
at 600 ˚C showed a slight decrease in this ratio while a small increasing trend could 
be observed for the chars prepared at 900 ˚C. The high concentration of O-containing 
structures and small aromatic ring systems of chars prepared at 600 ˚C indicated its 
high reactivity. Therefore, during gasification in air, the large aromatic rings could be 
easily consumed as small aromatic rings, and some small aromatic rings might be 
produced by the breakdown of large aromatic rings, resulting in a decreasing ratio of 
large to small aromatic ring systems of chars. However, the structures of chars 
prepared at 900 ˚C have become much stable during gasification. When the chars 
were gasified with air, the small aromatic ring systems were the preferential sites for 
O2 to react with, and the breakdown of further-fused large aromatic ring systems did 
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not necessarily produce small ones, leading to an increase in the ratio of large to 
small aromatic ring systems.  
 
5.3.3 Changes in the relative intensity of other major bands in the Raman spectra  
  
5.3.3.1 Changes of the cross-linking structures in char during gasification in air 
 
The cross-linking density of chars can be described by the intensity of S band in the 
first-order Raman spectra. Based on the band assignment [11], the S band mainly 
represents some sp
3
-rich structures such as alkyl-aryl C-C structures, and these 
substitutional groups would interweave with each other to make a close aromatic ring 
systems of char.  
 
 
Figure 5-6. The changes in Raman band area ratios S/Total (first-order) during the 
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Figure 5-6 illustrates the changes in the ratio of IS to ITotal (first-order Raman) as a 
function of char conversion level. At 0% char conversion, it can be seen that the 
relative intensity of S band of chars prepared at 900 ˚C was higher that at 600 ˚C, 
indicating the formation of new cross-linking structures during high temperature 
gasification. Once the chars react with O2 in TGA, a clearly decreasing trend in the 
ratios IS/ITotal can be observed with increasing char conversion, which indicated such 
sp
3
-rich structures were continuously consumed by O2, and subsequently the char 
matrix was loosened with the progress of gasification in air [23]. Such decrease is 
especially evident for the chars prepared from gasification at 600 ˚C, which means 
that the loss of cross-linking structures was much easy to take place on the char with 
less structural stability. 
 
5.3.3.2 Formation of the dangling structures in char during gasification in air 
 
Based on our previous studies [11,26], the R band in the first-order Raman spectra 
was mainly attributed to the C-C on alkanes/cyclic alkanes as well as aliphatic/cyclic 
aliphatic structures. Figure 5-7 illustrates the changes in the ratio of IR to ITotal (first-order 
Raman) as a function of char conversion level. 
 
 
Figure 5-7. The changes in Raman band area ratios R/Total (first-order) during the 
gasification of chars in air at 375 ˚C in TGA. 
 













































Curtin University of Technology Page 102 
 
  
At 0% char conversion, the less contribution (<2%) of R band in the first-order 
Raman spectra for all four kinds of chars indicated that these structures were very 
active and easy to be broken off during gasification. However, with the start of    
char-O2 reaction in TGA, the relative intensity of R band exhibited a monotonic 
increasing trend with the progress of gasification for the char prepared at 600 ˚C. 
This observation consists with what Lei Zhang and co-workers have found during the 
gasification of nascent chars in air in our group. As discussed above, for the char 
prepared from 600 ˚C, the large and small aromatic rings were broken up and lots of 
carbonyl or carboxyl structures (at 1700 cm
-1
 in IR spectra) were formed in char 
during gasification in air. Such newly formed broken structures with sp
3
 nature were 
more likely to “hang” on the aromatic rings, creating some dangling structures in 
char [26]. When the char conversion was higher than 80%, the R band accounted for 
25% of the total Raman area in the first-order region, indicating the char has become 
less aromatic at that stage. However, for the chars prepared from the gasification at 
900 ˚C, not much change can be observed. The high stability of char structures make 
the breakdown of aromatic system and the oxygenation of char hard to happen, and 
thus cause the absence of the dangling structures in char during gasification in air. In 
other words, the dominance of very large aromatics in the chars produced at high 
temperature make them hard to be detected as dangling structures (such as C=O 
structures) at the partially broken status.  
 
5.3.3.3 Changes of structural compactness of char during gasification in air 
 
Additional information can be obtained through the deconvolution of Raman spectra 
in the second-order region. One major band in the range of 2350-2500 cm
-1
 can be 
found in the second-order Raman spectra of some carbonaceous materials [12,27-30]. 
The relative intensity of this band, named as 2S [12], was supposed to indicate the 
structural compactness of char. 
 
As is illustrated in Figure 5-8, at 0% conversion, the I2S/ITotal (second-order Raman) ratios of 
chars from gasification in H2O at 600 ˚C was higher than that from gasification in 
CO2 and H2O at 900 ˚C (such ratios of char from gasification in H2 at 900 ˚C but not 
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experiencing the gasification in air was not displayed here due to the much low 
intensity of the second-order Raman spectra), again demonstrating the enhancing 
structural compactness of char with increasing gasification temperature both in the 
aspect of the aromatic ring size and the cross-linking as well as dangling structures. 
With the progress of gasification in air in TGA, a clearly increasing trend of the 
relative intensity of 2S band can be observed for the char prepared from gasification 
at 600 ˚C, indicating that the char structure become less and less compact with the 
increasing char conversion. Little changes can be observed for the chars prepared 
from gasification at 900 ˚C, again demonstrating the different reaction pathway 
during oxygenation process for the chars prepared at 600 ˚C and 900 ˚C. 
 
 
Figure 5-8. The changes in Raman band area ratios 2S/Total (second-order) during 
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5.3.4 Influences of char structures on the char-O2 reactivity  
 
As is shown in Figure 1-1, the overall reactivity of char prepared from gasification at 
600 ˚C was much higher than that from gasification at 900 ˚C. Chars prepared at  600 
˚C exhibited the highest total Raman intensity and lowest ID/I(Gr+Vl+Vr) ratios, 
indicating the enrichment of O-containing structures and small aromatic ring systems 
in the char. The presence of these structures would make the char become less 
ordered, and thus lead to its high reactivity in air [7]. 
 
Differences can also be observed for the chars prepared from gasification at 900 ˚C 
in different atmospheres. Chars prepared from gasification in CO2 exhibited the 
highest reactivity in air. However, the char from gasification in steam showed the 
highest content of O-aromatic species. Therefore, the oxygenation of the char 
reflected by the total Raman intensity was not the decisive factor determining the 
reactivity of char in air. This observation consists with what Tingting Li and          
co-workers have found during the gasification of Collie coal in our group. For the 
gasification in steam, the presence of H radical would greatly activate the aromatic 
rings [18], and the consequence was the drastic growth of large aromatic ring 
systems reflected by the ID/I(Gr+Vl+Vr) ratios of char. For the gasification in H2, based 
on our previous study [18], the release of AAEM species from the char matrix could 
be enhanced during the gasification in reducing atmospheres. Whether the aromatic 
rings condensation or the volatilisation of AAEM species would result in low 
reactivity in air.  
 
5.4 Conclusions  
 
The purpose of this study was to investigate the structural changes of the partially 
gasified char during low-temperature gasification in air. Four kinds of chars prepared 
from the gasification of mallee wood in 15% H2O-Ar or pure CO2 or 15% H2-Ar at 
600 ˚C or 900 ˚C were gasified in air at 375 ˚C in a TGA respectively. The 
oxidisation of char prepared at 600 ˚C was more significant than that prepared at 900 
˚C during the gasification in air. In addition, for the chars produced at 600 ˚C, the 
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breakage of large aromatic ring system, consumption of cross-linking structures and 
formation of dangling structures indicated the decreasing structural compactness of 
char with the progress of gasification in air. However, such destruction of the 
aromatic ring system was difficult to take place for the chars produced at 900 ˚C. 
Furthermore, chars produced from gasification at 600 ˚C exhibited the highest 
reactivity in air mainly due to the presence of more O-containing structures as well 
as small aromatic ring systems in char. While for the chars produced at 900 ˚C in 
three different atmospheres, the aromatic ring size were mainly responsible for their 
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Evolution of O-containing structures during 
char gasification as revealed with FT-IR/Raman 
and X-ray photoelectron spectroscopies 
 





Char structure is a major factor influencing its gasification reactivity [1-3]. Many 
studies [4-6] have carried out to investigate the changes in char structure in term of 
aromatic ring size as well as the dispersion of AAEM species during gasification. 
The O-containing structures also play an important role in affecting the gasification 
behaviour of char [4]. However, insufficient attention has been paid in this area. 
Many factors can influence the evolution of O-containing structures. For example, 
increasing gasification temperature tends to reduce the oxygen content of char due to 
the enhanced thermal cracking [7-9]. Moreover, additional O-containing functional 
groups would form on char with the progress of gasification in oxidising atmosphere 
[10,11]. Therefore, investigation on the evolution of O-containing structures of char 
can provide another aspect in understanding the gasification mechanism. 
 
Many analytical techniques can be used to characterise the O-containing structures in 
char. Some studies [7-11] used the FT-Raman spectroscopy to investigate the 
changes in oxygen species in char during gasification. However, it can only indicate 
the relative content of oxygen that have a resonance effect with the aromatic ring to 
which it is connected [4,12,13]. FT-IR spectroscopy has also been widely used in the 
characterisation of O-containing functional groups of char due to its high sensitivity 
in detecting the polar bond vibration [14-17]. X-ray photoelectron spectroscopy is 
another powerful analytical method to characterise the oxygen species in char. As is 
discussed in Chapter 4, detailed quantitative information about the O-containing 
structures can be obtained by deconvoluting the high-resolution O 1s spectra [18-21]. 
Biomass is rich in oxygen and various O-containing structures can be left in char 
during gasification. However, detailed structural feature of these O-containing 
structures is still not clear. As is discussed above, different analytical techniques 
have different foci on the characterisation of the oxygen species. Therefore, the use 
of these three analytical techniques together would provide a more comprehensive 
understanding of the evolution of O-containing structures in char during gasification. 
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The purpose of this study was to investigate the gasification mechanism in term of 
the evolution of oxygen species of char during gasification. Biomass gasification in 
steam was carried out at different temperatures ranging from 600 to 900 ˚C, and the 
bio-chars produced at 600 and 900 ˚C were gasified with air in TGA at 375 ˚C to 
ensure that the conversion of char was rate-limited by the chemical reaction in order 
to better investigate the char-O2 reaction mechanism. Char samples produced from 
the gasification in steam and low-temperature gasification in air were collected and 
characterised by the FT-IR/Raman and X-ray photoelectron spectroscopies. 
 
6.2 Experimental  
 
6.2.1 Biomass gasification  
 
The char samples produced from biomass gasification in steam used in this study 
were obtained from the experiments in Chapter 4. Briefly, the gasification of 
Australia mallee wood particles between 4.75-5.60 mm was carried in a fluidised bed 
quartz reactor [9] in steam atmosphere at 600-900 ˚C. The preparation of the wood 
sample and the procedure of the gasification experiment can be found in Chapter 4 
and elsewhere [9]. The data on char yield were reported previously in Chapter 4. 
 
The char samples produced from low-temperature gasification of char in air used in 
this study were obtained from the experiments in Chapter 5. Briefly, chars produced 
from the gasification in steam at 600 and 900 ˚C were gasified with air in a TGA at 
375 ˚C respectively. The procedure of the low-temperature gasification of char in air 
can be found in Chapter 5 and elsewhere [10,11]. 
 
6.2.2 Char characterisation   
 
The collected char samples after each experiment were characterised by the           
FT-IR/Raman and X-ray photoelectron spectroscopies. Detailed procedures about the 
XPS and FT-IR/Raman analysis as well as the data processing can be found in 
Chapters 4 and 5 respectively. Briefly, the XPS high-resolution O 1s spectra were  






Figure 6-1. FT-IR spectra of chars from (a) biomass gasification in 15% H2O-Ar,     
(b) char produced at 600 ˚C but having experienced gasification in air in TGA at    
375 ˚C (c) char produced at 900 ˚C but having experienced gasification in air in TGA 
at 375 ˚C. Figure 6-1 (b) and (c) were reprinted from Chapter 5. 
 



























































































































Curtin University of Technology Page 114 
 
  
deconvoluted into 3 bands and the Raman spectra (in the first-order region) were 
deconvoluted into 10 bands to obtain detail structural information of char [12]. The 
data on the XPS analysis of chars produced from biomass gasification in steam were 
reported previously on Chapter 4 and the data on the FT-Raman analysis of chars 
produced from low-temperature gasification of char in air were re-calculated from 
Chapter 5. Figure 6-1 illustrates the IR spectra of chars during gasification in steam 
and the low-temperature gasification in air. The IR spectra shown in Figure 6-1(b) 
and (c) were reprinted from Chapter 5. 
 
6.3 Results and discussion  
 
6.3.1 XPS analysis 
 
The relative contents of carbon and oxygen species in char were calculated through 
their total peak area in the XPS spectra and the corresponding relative sensitivity 
factors. The high-resolution O 1s spectra were further deconvoluted in order to get 
detailed quantitative information about the O-containing structure of char. The 
absolute amounts (per g of biomass/char) of carbon and oxygen species left in the 
char residual after gasification in steam and low-temperature gasification in air were 
also calculated using char conversion and contents of carbon and oxygen of the chars. 
 
6.3.1.1 Evolution of O-containing structures of char during gasification in steam 
 
Figure 6-2 illustrates the XPS analysis results of chars during the gasification in 
steam from 600 to 900 ˚C. The data on the XPS analysis of chars and the char yields 
used in this section were reported previously in Chapter 4. It can be seen from Figure 
6-2 (a) that the O/C ratios of chars decreased with increasing gasification 
temperature, which indicated that the oxygen species were easier to be released or 
consumed than the carbon species with the intensified gasification reaction. Figure  
6-2 (b) illustrates the absolute amounts of O-containing structures left in char 
residual based on one gram biomass experiencing the gasification in steam at 
different temperatures. The deconvolution results of the O 1s spectra showed that the  






Figure 6-2. The (a) O/C ratios, (b) absolute amounts of O-containing structures and 
(c) relative contents of O-containing structures of chars obtained by XPS analysis as 
a function of temperature during gasification in 15% H2O-Ar. The data were reported 
previously in Chapter 4. 
 
absolute amounts of aromatic C-O structures left in char residual decreased 
continuously with increasing temperature. However, for the aromatic C=O structures, 
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no significant changes could be observed when the temperature was lower than     
700 ˚C. It is obvious that the gasification reaction was very slow at temperatures 
lower than 700 ˚C, and the almost constant amount indicated the high thermal 
stability of the inherent aromatic C=O structures during the thermal cracking. 
However, the absolute amounts of aromatic C=O structures left in char residual 
started to decrease when the gasification reaction became increasingly fierce              
(> 700 ˚C). Figure 6-2 (c) illustrates the relative concentration of O-containing 
structures in char during gasification in steam. It can be seen that the relative 
contents of aromatic C=O structures increased while that of the aromatic C-O 
structures decreased with increasing temperature, also demonstrating the higher 
thermal stability of the inherent aromatic C=O structures than that of the aromatic     
C-O structures. 
 
6.3.1.2 Evolution of O-containing structures of char during gasification in air 
 
Figure 6-3 shows the XPS results of chars produced from gasification in steam at  
900 ˚C but having experienced gasification in air in TGA at 375 ˚C. The data on the 
XPS analysis of chars at 0% conversion level were reported previously in Chapter 4. 
It can be seen from Figure 6-3 (a) that, as expected, there were increases in the O/C 
ratios with increasing char conversion, which indicated that more carbon spices was 
consumed from char matrix than oxygen or some new oxygen complexes were 
formed in char during the gasification in air.  
 
Figure 6-3 (b) shows the absolute amounts of O-containing structures left in char 
residual based on one gram char experiencing the gasification in air to reach different 
conversion level. It can be seen that the absolute amounts of O-containing structures 
left in char residual increased at the initial stage of gasification in air (char 
conversion < 10%), indicating that the oxidation of char was much fierce and 
additional O-containing structures were formed during this period even the total 
amounts of char decreased. Detailed information about the evolution of O-containing 
structures can be obtained through further analysing the deconvolution results of the 
O 1s spectra. It can be seen that the amounts of aromatic C-O structures left in char 
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residual also showed a significant increase at the initial stage of gasification. 
However, the amounts of aromatic C=O structures left in char residual continuously 
decreased with increasing char conversion level even at the initial stage where the 
oxidation of char was intensified and lots of newly formed O-containing structures 
connected to the aromatic ring system. Therefore, the increasing amounts of oxygen 
species left in char residual were mainly due to the additional formation of aromatic 
C-O structures at the initial stage of gasification. With the progress of gasification in 
air, the total oxygen species left in char residual significantly decreased. Some 
oxygen species may also form on char with the progress of gasification, while the 
amounts of such newly formed O-containing structures were much less than the 
consumed inherent oxygen species of char, resulting in a continuous decrease in the 
amounts with increasing char conversion both for the aromatic C-O structures and 
aromatic C=O structures.  
 
The data in Figure 6-3 (c) show that the relative contents of aromatic C-O structures 
in char continuously increased with the progress of gasification, especially at the 
initially stage, while the relative contents of aromatic C=O structures showed a 
possible slight decrease firstly and then became almost constant with increasing 
conversion of char. For the char produced at 900 ˚C but not experiencing the low-
temperature gasification in air, as is shown in Figure 6-3 (c) at 0% conversion, the 
main component of the oxygen species was the aromatic C=O structures that account 
for about 80% of the total oxygen. In addition, based on the FT-IR spectra shown in 
Figure 6-1 (a), for the char produced at 900 ˚C, no clear peak can be observed at the 
position of 1700 cm
-1
, which represents the carbonyl and carboxyl structures. 
Therefore, the most likely structures for these aromatic C=O functional group were 
the benzoquinone-type structures rather than the aromatic ketone or ester. Because 
the chars produced at 900 ˚C were highly aromatic, these benzoquinone-type C=O 
structures might be the preferred sites for the O2 to react with at the initial stage, and 
some kinds of aromatic C-O structures such as aromatic ether could be formed, or 
even some benzoquinone-liked C=O structures might be transformed to the such 
aromatic C-O structures, resulting in a significant increase in the contents of aromatic 
C-O structures with the progress of gasification.  






Figure 6-3. The (a) O/C ratios, (b) absolute amounts of O-containing structures and 
(c) relative contents of O-containing structures of chars obtained by XPS analysis 
from gasification at 900 ˚C as a function of char conversion level during gasification 
in air. The data of the chars at 0% conversion level were reported previously in 
Chapter 4. 
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Figure 6-4 shows the XPS results of chars produced from 600 ˚C but having 
experienced gasification in air in TGA at 375 ˚C. The data on the XPS analysis of 
chars at 0% conversion level were reported previously in Chapter 4. The increases in 
the O/C ratios of chars with increasing char conversion, as are shown in Figure 6-4 
(a), again demonstrated the oxidation of char during gasification in air.  
 
As is shown in Figure 6-4 (b), an increasing trend, although weak, for the total 
amounts of oxygen could also be observed at the initial stage of gasification in air 
(char conversion < 10%), again indicating that additional O-containing structures 
could be formed during this period. It can be seen that the amounts of aromatic C-O 
structures left in char residual also showed an slight increase at the initial stage of 
gasification, while the amounts of the aromatic C=O structures were almost same. 
Therefore, the newly formed aromatic C-O structures could be also most responsible 
for the increasing total amounts of oxygen. Again with the process of gasification in 
air, the total oxygen species left in char residual showed a significant decrease, 
demonstrating that the amounts of such newly formed O-containing structures was 
much less than the consumed inherent oxygen species of char during gasification.  
 
Figure 6-4 (c) illustrates the relative contents of O-containing structures in char 
during the gasification in air. As was discussed above, the increases in the relative 
contents of O-containing structures both for the aromatic C-O structures and 
aromatic C=O structures were mainly due to the additional formation of some         
O-containing structures during the gasification in air. Further information about the 
evolution of oxygen species can also be found from the FT-IR spectra of char. The 
FT-IR spectra shown in Figure 6-1(b) were reprinted from Chapter 5. As is shown in 
Figure 6-1 (b), there was a significant increase in the intensity of the band at the 
position of 1700 cm
-1
 which represent the carbonyl and carboxyl structures. 
Therefore, for the aromatic C=O structures, the new formed O-containing functional 
group were, mostly likely, some aromatic ketone and aromatic ester with the 
progress of gasification 
 






Figure 6-4. The (a) O/C ratios, (b) absolute amounts of O-containing structures and 
(c) relative contents of O-containing structures of chars obtained by XPS analysis 
from gasification at 600 ˚C as a function of char conversion level during gasification 
in air. The data of the chars at 0% conversion level were reported previously in 
Chapter 4. 
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6.3.1.3 Evolution of the O-containing structures during gasification as revealed by 
XPS 
 
The XPS results of char during the gasification in steam and low-temperature 
gasification in air were plotted together (Figure 6-5) in order to understand the 
changes in the O-containing structures of char. The data on the XPS analysis of chars 
during the gasification in steam used in this section were reported previously in 
Chapter 4. 
 
The data in Figure 6-5 (a) and (b) show that the changes in the contents of total       
O-containing structure were most related to the changes in the contents of aromatic 
C-O structure in char. As was discussed above, the thermal stability of inherent 
aromatic C-O structures in char was lower than that of aromatic C=O structures, thus 
the aromatic C-O structures could be easily removed from the char matrix with 
increasing gasification temperature. While during the low-temperature gasification in 
air, the newly formed aromatic C-O structures might have higher chemical stability 
than the aromatic C=O structures in the oxidising atmosphere, thus much newly 
formed aromatic C-O structures could survive with the progress of gasification. 
Therefore, as is illustrated in Figure 6-5 (c), high oxygen contents were usually 











Figure 6-5. The total oxygen contents of chars as a function of (a) C-O structure in 
char, (b) C=O structure in char and (c) C-O/C=O ratio of char obtained by XPS 
analysis. The data of the chars during the gasification in steam were reported 
previously in Chapter 4. 
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6.3.2 FT-IR/Raman analysis 
 
6.3.2.1 Evolution of aromatic ring systems of char during gasification in steam 
 
The absolute Raman band area was calculated using the relative band intensity 
(IBand/ITotal) and char conversion based on one gram biomass experiencing the 
gasification in steam at different temperatures. The absolute Raman band area can be 
used as an indirect indication of the amounts of large/small aromatic systems left in 
char residual. Figure 6-6 (a) shows the changes in the absolute Raman band area 
during gasification in steam. The data on char yield used in this section were reported 
previously in Chapter 4 and the data on the Raman analysis of chars produced from 
the gasification in steam at 600 and 900 ˚C used in this section were re-calculated 
from Chapter 5. It can be seen that the band area of GR+VL+VR decreased with 
increasing gasification temperature, indicating the continuous removal of small 
aromatic rings during gasification [4,13]. In addition, the band area of D remained 
almost unchanged when the temperature was less than 700 ˚C, indicating the high 
chemical stability of large aromatics during thermal cracking [12]. The large 
aromatics started to be consumed when the gasification reaction became intensified   
(> 700 ˚C). The relative band area during gasification in steam is shown in Figure   
6-6 (b). It can be seen that relative contents of large aromatics increased 










Figure 6-6. The (a) absolute Raman band intensity and (b) relative Raman band 
intensity of chars as a function of temperature during gasification in 15% H2O-Ar. 
The data on char yield were reported previously in Chapter 4 and the data on the 
Raman analysis of chars produced from the gasification in steam at 600 and 900 ˚C 
were re-calculated from Chapter 5. 
 
6.3.2.2 Evolution of aromatic ring systems of char during gasification in air 
 
The absolute Raman band area was calculated using the relative band intensity 
(IBand/ITotal) and char conversion based on one gram char experiencing the 
gasification in air. The changes in the absolute Raman band area of char prepared 
from 600 ˚C during gasification in air in TGA at 375 ˚C is shown in Figure 6-7 (a). 
The data on the Raman analysis used in this section were re-calculated from Chapter 
5. As expected, the large aromatics as well as the small aromatics were continuously 
consumed with the progress of gasification in air. It can be seen from Figure 6-7 (b) 
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that the relative band area of D slight decreased while a slight increase of GR+VL+VR 
can be observed with increasing char conversion. Considering that the char produced 
from 600 ˚C was not highly aromatic [10,12], some small aromatic rings would be 
produced by the breakdown of large aromatic rings during gasification, resulting in a 




Figure 6-7. The (a) absolute Raman band intensity and (b) relative Raman band 
intensity of chars produced at 600 ˚C as a function of char conversion level during 
gasification in air. The data on the Raman analysis used in this section were re-









































































Figure 6-8. The (a) absolute Raman band intensity and (b) relative Raman band 
intensity of chars produced at 900 ˚C as a function of char conversion level during 
gasification in air. The data on the Raman analysis used in this section were            
re-calculated from Chapter 5 
 
As is shown in Figure 6-8 (a), the continuous consumption of large aromatics and 
small aromatics with the progress of gasification in air can also be seen for the char 
produce from 900 ˚C. The data on the Raman analysis used in this section were      
re-calculated from Chapter 5. In addition, it can be seen from Figure 6-8 (b) that the 
relative band area of D and GR+VL+VR increased with increasing char conversion. 
The trend of D band for the char produced at 900 ˚C was different from that 
produced at 600 ˚C with the progress of gasification in air. This is mainly because 
the structures of char have become much stable and aromatic during gasification in 
steam at 900 ˚C [10], some carbon sp
3
 structures such as dangling structure and 
cross-linking structures of char were easier to be removed than the aromatic rings 
a) 





























































Curtin University of Technology Page 127 
 
  
during gasification, resulting in an increasing trend of the relative intensity both for 
D band and GR+VL+VR band. 
 
6.3.2.3 Evolution of aromatic ring systems of char during gasification as revealed by 
Raman spectroscopy 
 
Based on our previous studies [4,12], the total Raman area of char can be used as an 
indication of the amounts of oxygen species that have a resonance effect with the 
aromatic ring systems to which it is connected. Therefore, it can be speculated that 
there should be an increase in the relative intensity of D band (or GR+VL+VR band) if 
more oxygen species is formed that connect to the large aromatic rings (or small 
aromatic rings). Instead, a decrease should be observed in the relative intensity of D 
band (or GR+VL+VR band) if more oxygen species is consumed that was connected 
with the large aromatic rings (or small aromatic rings).  
 
 
Figure 6-9. Total Raman areas (first-order) of chars as a function of ID/IGr+Vl+Vr ratio 
of chars. The data on the Raman analysis of chars during the low-temperature 
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Figure 6-9 illustrates the total Raman area as a function of the area ratio of D band to 
GR+VL+VR band during gasification in steam and low-temperature gasification in air. 
The data on the Raman analysis of chars during the low-temperature gasification in 
air used in this section were reported previously in Chapter 5. For the gasification in 
steam, the total Raman area decreased with increasing ID/IGr+Vl+Vr, indicating that the 
small aromatics as well as the oxygen species to which it is connected were easier to 
be removed from char than large aromatics, thus more large-aromatic-connected 
oxygen species survived with enhanced thermal cracking and gasification reactions. 
For the low-temperature gasification in air, the increasing total Raman area was 
accompanied with a decreasing ID/IGr+Vl+Vr for char from 600 ˚C and an increasing 
ID/IGr+Vl+Vr for the char from 900 ˚C. As discussed above, the char produced at 600 
˚C was not highly aromatic [10,12]. Therefore, some small aromatic rings would be 
produced by the breakdown of large aromatic rings, resulting in more newly formed 
oxygen species connecting to the small aromatics than large aromatics. However, for 
the char from 900 ˚C, the breakdown of the further condensed large aromatics was 
harder than that of small aromatics during gasification in air, and the breakdown of 
large aromatics to form small ones was not easy to happen [10]. Therefore, oxygen 
species connected to the large aromatics have more chances to survive, resulting in 
the increases in ID/IGr+Vl+Vr with increasing total Raman area. 
 
6.3.3 Types of O-containing structures in term of total IR and total Raman intensity 
 
Besides the total Raman area, the total IR area of char can also be used as an 
indication of the relative contents of oxygen species in char because the presences of 
electron-rich oxygen species will increase the IR absorption of char by increasing the 
electron cloud density of the aromatic systems to which it is connected.  
 
Figure 6-10 illustrates the total Raman areas as a function of the total IR areas for 
chars during the gasification in steam and low-temperature gasification in air. The 
data on the total Raman areas of chars during the low-temperature gasification in air 
used in this section were reported previously in Chapter 5. It can be seen that, with 
increasing gasification temperature (up to 850 ˚C), there were decreases both for the 
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Raman intensity and IR intensity. While for the char produced from gasification in 
steam at 900 ˚C, a high IR intensity can be observed. As discussed above, the 
gasification reaction is much fierce at 900 ˚C and some oxygen derived from steam 
would connect to the aromatic rings [4,13]. This kind of newly formed oxygen 
species seem to be very IR-sensitive. In addition, for the chars produced from 
gasification in steam at 600 ˚C but having experienced gasification in air in TGA at 
375 ˚C, the Raman intensity continuously increased with increasing char conversion 
while the IR intensity achieved a plateau value when the char conversion was higher 
than 30%. However, for the chars produced from 900 ˚C, there was a clear increase 
for the IR intensity with the progress of gasification in air while the increase for the 
Raman intensity was not obvious. All of these indicated that different types of        
O-containing structures were formed during char oxygenation. Some O-containing 
functional groups could enhance the Raman scattering ability of char while some 




Figure 6-10. Total Raman area (first-order) of chars as a function of Total IR area of 
chars. The data on the total Raman areas of chars during the low-temperature 
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6.4 Conclusions  
 
Australia mallee wood was gasified in a fluidised-bed reactor at 600-900 ˚C in steam 
atmosphere, and the bio-chars from the gasification in steam at 600 and 900 ˚C were 
gasified with air in TGA at 375 ˚C. The experimental results showed that the 
decreases in the oxygen contents of char with increasing gasification temperature 
were mainly related to the loss of aromatic C-O structures. In addition, oxygen 
species that were connected to the small aromatic ring systems (3-5 fused rings) 
would be selectively removed with increasing gasification temperature. There were 
significant increases in the amount of oxygen species in char at the initial stage of 
low-temperature gasification in air, which was mainly due to the newly formed C-O 
structures. The additional formation of aromatic C-O structures was also mainly 
responsible for the continuously increased oxygen content of char with the progress 
of gasification in air, indicating that the chemical stability of the newly formed C-O 
structures could be higher than aromatic C=O structures with the progress of 
gasification in the oxidising atmosphere. Different types of O-containing structures 
would be formed during char oxygenation according to their different behaviour in 
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7.1 Aims of this study 
 
The purpose of this study was to gain fundamental understanding on the effect of 
char structure on its gasification behaviour. A fluidised-bed quartz reactor was used 
to carry out the gasification experiment and mallee wood from Western Australia 
was chosen as the feedstock. The FT-IR/Raman and X-ray photoelectron 
spectroscopies were applied to characterise the chemical structural feature of char, 
especially the evolution of aromatic ring systems and O-containing structures under 
different gasification conditions including different temperatures and atmospheres. 
The main conclusions from the present study are listed below. 
 
7.2 Conclusions  
 
7.2.1 Effect of gasification condition on char yield  
 
 The increasing gasification temperature would greatly reduce the char yield 
due to the enhanced gasification reaction between the char and gasifying 
agent. 
 
 Gasification of chars in the steam and CO2 atmospheres proceeded much 
faster than that in H2 atmosphere. The additional formation of some             
O-containing structures in char during the gasification in the oxidising 
atmosphere was most likely to be responsible for enhancing the gasification 
rate. 
 
 High char yield was observed during gasification for the biomass with large 
particle size, which was mainly due to the differences in the intra-particle 
heat and mass transfer between small and large particle sizes during pyrolysis. 
While for the consequent gasification of char, the intra-particle diffusion of 
the gasifying agent was not a rate-limited step under the present experimental 
conditions. 
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7.2.2 Evolution of the aromatic ring systems of char during gasification 
 
 Second-order Raman can also be used to characterise the structural feature of 
char. The deconvolution results of the second-order Raman of char in terms 
of the evolution of aromatic ring systems were consistent with the findings in 
the first-order Raman analysis. 
 
 The increasing gasification temperature would greatly increase the content of 
large aromatic rings systems in char during gasification in the steam, CO2, 
and H2 atmosphere because the enhanced thermal cracking and gasification 
reaction would selectively remove the small aromatic ring systems. 
 
 The chars produced from gasification in steam atmosphere exhibited the 
highest content of large aromatic rings systems. This was mainly due to the 
presence of H radical which would induce the ring condensation during 
gasification in steam.  
 
 Biomass particle size had minimal effect on char structure during the 
gasification of char in steam atmosphere and CO2 atmosphere under the 
present experimental conditions. 
 
 The breakage of large aromatic ring system, consumption of cross-linking 
structures and formation of dangling structures can be observed for the char 
produced from gasification at 600 ˚C during the low-temperature gasification 
in air. While the destruction of aromatic ring system was not obvious for the 
char produced from gasification at 900 ˚C. 
 
7.2.3 Evolution of the O-containing structures of char during gasification 
 
 The increasing gasification temperature would greatly reduce the content of 
oxygen in char. The loss of aromatic C-O structure in char was mainly 
responsible for this decrease.  




 The amount of aromatic C-O structure left in char during the gasification 
under reducing atmosphere was lower than that under oxidising atmosphere, 
while the consumption of aromatic C=O structure was related to the progress 
of gasification regardless of the atmosphere. 
 
 The continuously increased total Raman and total IR intensity with the 
increasing char conversion level demonstrated that the low-temperature 
gasification in air was a significant oxygenation process, and the additional 
formation of aromatic C-O structure was mainly responsible for this increase. 
 
 Char oxygenation can lead to the formation of various O-containing 
structures in char. Some could enhance the Raman scattering ability while 




1. This study is mainly focused on the evolution of char structure during the 
gasification of mallee wood. Bark and leaves constitute important parts of 
any woody biomass, and they can also be used to produce biofuels and 
chemicals. It is ideal that all parts of woody biomass can be used as the 
feedstock without the need of being separated into wood, bark and leave for a 
practical gasifier. Therefore, the study on the gasification behaviour of bark 
and leaves is also important. 
 
2. Various kinds of O-containing structures would form in char matrix during 
the gasification in oxidising atmospheres. It is clear that the additional 
oxygen species formed in char during the gasification in steam and CO2 
atmosphere were different based on the total Raman intensity of char. Real-
time monitoring the release of oxygen species (e.g. CO) of char after 
gasification could provide very helpful information in understanding the 
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formation of different O-containing structures during the gasification in 
different oxidising atmospheres. 
 
3. This study mainly investigated the evolution of char structure during the 
gasification of biomass in single gasification atmosphere. It is well-known 
that variously gasifying agent such CO2, H2O H2 and O2 will be continuously 
released in a practical gaisifier. Therefore, understanding the gasification 
behaviour of biomass in a mixture of gasifier agents would have profound 
meaning and application value for designing and operating a commercial 
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